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ABSTRACT 


PART  n 

Problem  >  To  experimentally  determine  the  feaelblllty  of  A.  C.  Eleetrodeless 
Magnetohydrodynamlc  Power  Generation,  utilizing  a  model  generator* 

Scope  of  Investigation  -  The  analysis,  derelopnent  and  teat  model  operation  in¬ 
volved  the  design,  construction  and  testing  of  the  com¬ 
ponent  units  which  comprise  the  plaasia  are  laboratory  facility.  This 
report  includes  the  following  areas:  The  laboratory  facilities  pro¬ 
vided  for  the  conduction  of  the  experimental  investigation  included 
Plasma  Are  Torch,  Vacuum  System,  Cooling  System,  Gas  Supply  System, 
Power  Supply  for  Plasma  Are  Torch,  and  Primary  Power  Requirements 
including  Substation)  and  the  design  of  the  generator  test  model 
involved  Plenum  and  Hlxing  Chamber,  Seeder,  Supersonic  Nozzle,  Test 
Section,  Diffuser,  Power  Extraction  Coils,  Coil  Power  Supply,  Phase 
Nulling  Network,  and  other  instrumentation.  The  design  of  the  ex¬ 
perimental  generator  was  a  result  of  the  theoretical  studies 
described  in  Part  !• 

Results  cf  the  Bqperlmsntal  Bavestigaticn  -  Eleetrodeless  A.  C.  MHD  power  genera¬ 
tion  has  been  e^qperimentally  observed, 
and  extracted  power  from  th*  plasms  has  been  recorded  during  the  test 
operation  of  the  model. 

FDBLICATI(»I  REVIEW 

The  publication  of  this  report  does  not  constitute  approval 
by  the  Air  foroe  of  the  findings  or  conclusions  oontidned  herein. 
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1.  INTOODPCnON 


1.1  Ob.leetlvB  of  the  Experlmrotal  Inveatlgation 

The  purpose  of  this  laboratory  program  was  to  Investigate  the  parameters 
Involved  in  the  generation  of  A.C.  magnetohydrodynamle  (MHD)  poweTi  by  means  of 
an  experimental  model  facility.  The  model  Itself  is  a  traveling  wave  t3rpe  A.C. 
MHD  induction  generator,  llie  facility  design  and  subsequent  exporlmental  test¬ 
ing  program  are  discussed  in  this  report.  Among  the  major  items  considered  are 
extraction  of  power  from  an  ionized  plasma,  the  effects  on  extracted  power  from 
the  plasma  resulting  from  variations  in  plasma  conductivity  with  and  without 
alkali  metal  "seeding",  experimental  determination  of  extracted  power  by  pressure 
differential  measurements  across  the  interaction  channel,  and  other  similar 
investigations . 

1.2  Problem  Background 

Direct  conversion  of  the  thermal  and  kinetic  energy  of  a  hot,  electrically 
conductive  gas  into  electrical  energy  has  been  discussed  in  Part  I  of  this  report. 
In  principle,  the  exnerimental  model  configuration  developed  for  this  program 
follow  that  previously  described  (Reference  l).  Since  this  is  a  model  generator, 
certain  Inherent  problems  must  be  emphasized  since  thqy  are  peculiar  to  model 
operation  and  are  a  direct  result  of  necessary  scalar  restraints.  Detection  of 
the  conqjaratively  small  amount  of  extracted  power  in  the  presence  of  an  excita¬ 
tion  power  idilch  is  larger  by  several  orders  of  magnitude,  presented  a  rather 
foiTtidable  detection  and  instrumentation  problem. 

The  physical  design  parameters  involved  in  the  interaction  coil  system  re¬ 
presented,  along  with  its  associated  equipiaBnt,  a  considerable  problem  area.  ~  ' 

Manuscript  released  by  the  authors  31  January  1963  for  publication  as  an  ASD 
Technical  Documentary  Report. 
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Aerodynamio  considerations  leading  to  the  neehanleal  design  relative  to  electri¬ 
cal  requirements  of  the  plasma  arc  torohy  plenum  chamber,  supersonic  noszle, 
test  section  and  diffuser.  In  a  like  manner  are  presented  in  this  report  repre¬ 
senting  sene  of  the  major  problem  areas  associated  with  the  design  and  testing 
of  this  model  generator. 

1,3  Scope  of  Experimental  Facility  and  Investigation 

Areas  representing  major  design  and  experimental  investigative  effort  are 
presented  In  Individual  sections.  The  contents  of  each  section  and  their  Inter¬ 
dependence  are  briefly  discussed  in  the  paragraphs  i^ich  follow. 

In  Section  2,  the  major  items  which  were  developed  for  this  program  are 
described  relative  to  their  performance  capabilities  required  for  the  experimen¬ 
tal  Investigations  conducted  under  this  project.  It  has  been  determined  that  the 
equipment  has  provided  the  means  to  demonstrate  the  feasibility  of  electrodeless 
A.C.  MHD  power  from  this  model  generator. 

The  theoretical  analysis  and  aerodynamic  design  ccnslderatlons,  involving 
the  various  parameters  investigated  for  the  generator  nozzle  design  and  perform¬ 
ance  characteristics  are  discussed  in  Section  3.  The  design  of  the  supersonic 
and  subsonic  portion  of  the  nozzle,  test  section,  diffuser  and  idealised  power 
requirements  are  considered  in  relation  to  performance  requirements. 

In  Section  ii,  the  areas  of  major  electrical  design  effort  are  discussed 
relative  to  the  requirements  of  the  interaction  coil  systeei. 

The  area  of  major  mechanical  equipemnt  design  effort  is  discussed  in 
Section  5*  includes  the  description  of  the  motor/alternator  set  for  the  coll 

power  supfd.y,  cooling  «id  vacuum  systems,  md  various  test  seotional  oonfiguration 
designs. 

Inatrumentaticn  dsvclopad  or  provided  for  experimsntal  tost  operation  of  the 
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model  generator  are  dleouseed  In  Section  6.  A  poeer  monitoring  matrix  (f^se 
nulling  network)  has  been  constructed  to  eliminate  the  large  power  ccnQwnent 
incident  upon  the  colls  in  order  to  present  onl^  that  power  which  is  extracted 
from  the  plasma.  The  stagnation  enthalpy  probe  and  general  experimental  indtra> 
mentation  are  also  described  in  this  section.  Heat  balance  as  well  as  pressure 
measurements  and  the  special  total  enthalpy  probe  idilch  was  developed  for  this 
program  are  also  described  in  Section  6. 

The  expexlmental  results  obtained  are  described  from  the  standpoints  of 
eerodynamie  and  electrical  values  in  Section  7. 


2,  MHD  EXPERIMENTAL  LABORATORT  FACIUTY 


2.1  Introduction 

In  order  to  perform  the  exoerlmental  portion  of  this  investigation,  an 
extensive  ecmipanar-sponsored  laboratory  facility  was  implemented  for  this  project, 
which  is  shown  in  schematic  form  by  Figure  1,  The  laboratory  is  physically 
located  in  the  Advanced  Techniques  Development  building  at  the  Moorestown, 

New  Jersey  plant.  The  major  components  which  constitute  this  facility  are  des¬ 
cribed  in  the  following  sub-sections. 

2.2  Plasma  Arc  Torch  System 

The  one  megawatt  D.C.  arc  torch  and  its  associated  components  (Figure  2)  are 
the  means  used  to  produce  the  plasma  from  idiich  power  is  extracted  by  the  model 
electrodeless  A.C.  MHD  generator.  In  this  experiment,  the  plasma  is  a  high 
temperature  (8800^),  partially  ionised  gas,  constituted  to  simulate  air  heated 
by  the  conhustion  of  fossil  fhels  under  atmospheric  conditions. 

2.2.1  Arc  Torch 

The  arc  torch  is  sufficiently  flexible  in  operation  to  permit  the  use  of 
several  combinations  of  gases  at  variable  flow  rates  and  pressures,  and  to  pro¬ 
duce  plasmas  of  selectable  enthalpies  (Figure  3).  The  torch  is  constructed  of 
noo^feirous  material  (brass  and  copper  with  exterior  housings  of  fiberglass).  All 
expendable  portions  of  this  unit  (anodes,  cathodes,  gas  and  water  seals)  whidi  are 
gradually  destroyed  by  continued  use  are  field  replaceable.  The  plasma  are  is 
stabilised  by  an  internal  cathode/anode  gas  sheath.  The  torch  is  water  cooled. 

The  torch  is  operable  at  a  power  level  of  1000  KW  continuously  on  nitrogen, 
at  one  atmosphere  chamber  pressure  (1$  psla)  with  a  variable  exit  enthalpy  between 
2000  aiid  8000  BTO  per  pound.  The  power  level  is  variable  between  50  and  1000  Ktf. 
Flaae  eontaadnatloa  by  heavy  metal  rapor  under  those  conditions  is  less  than 


Figure  2.  Plasxna  ARC  Torch  System 
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PHASE  MONIT( 


Figure  3.  Plasma  ARC  Torch  and  Components 


0.3^  by  wel^t.  It  Is  capable  of  operation  for  two  minutes  in  any  four-hour 
period  in  air^  under  the  same  conditions,  except  that  contamination  by  heavy 
metal  vapor  may  rise  by  a  factor  of  three.  The  operating  efficiency  of  the 
torch  under  the  conditions  described  (2000  amps  and  $00  volts)  Is  no  less  than 
60«. 

By  changing  electrodes,  the  torch  Is  capable  of  operation  on  the  gases 
listed  below,  with  gas  supply  pressures  at  300  psla,  to  produce  maximam  operat¬ 
ing  conditions  as  follows: 


OAS 

PRESSURE 

ENTHALPT 

Helium 

1  atmosohere 

1:0,000  BTOAb. 

20  atmospheres 

3,000  BTUAb. 

Argon 

1  atmosphere 

-  10,000  BTUAb. 

20  atmospheres 

1,000  BTUAb. 

1 

1  atmosidiere 

variable  2000  to 

8000  BTUAb. 

20  atmo8|dwres 

1,000  BTUAb, 

An  Integral  mounting  base  on  the  torch  provides  simple^  single  connections 
for  the  electrical  service,  with  power  handling  capabilities  up  to  2000  volts 
and  8000  amperes.  Connections  are  provided  for  plasma  gas,  cooling  water  Inlets 
and  outlets,  and  plasma  nixing  gas.  Water-eooling  senrlee  is  provided  for  the 
ld.enna  ohaaiser  and  supersonic  nossle.  The  assenbly  is  sesd-portdble. 

2.2,2  Plasma  Arc  Starter 

An  are  Ignitor  or  starter  was  constructed  and  is  of  basically  a  standard 
welding-type  spark  gap  machine  design  (Figure  3).  It  has  a  series  oomnection  to 
the  O.C.  power  line,  throu^  a  hl|^  eurront  Indnotlon  ooU,  and  is  energised 
from  the  control  console. 
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2,2,3  Control  Console 


llie  control  console  houses  all  control  and  monitoring  functions  of  the 
torch  as  well  as  those  for  the  one  megawatt  power  supoly  (Figure  U),  Calibrated 
orifice  type  hi^.  pressure  flowmeters  are  provided  for  both  nitrogen  (or  air), 
axygerif  and  carrier  gas  for  the  powder  seeder.  Ihe  nitrogen  (or  air)  flow  Is 
adjustable  by  means  of  a  centrally  located  control  valve  from  0  to  200  scfm, 
while  oxygen  is  similarly  adjustable  from  0  to  50  scfm.  Electrically  operated 
valves  provide  remote  on-off  control  of  the  gas  flow. 

A  four  range  voltmeter  indicates  actual  torch  voltage  in  selectable  scales 
of  0-500,  1000,  2000,  and  5000  volts.  The  meter  is  accurate  to  2^  and  is  on  a 
linear  scale.  A  separate  100:1  voltage  divider  provides  an  indication  of  torch 
voltage  to  the  remote  recording  instrument.  The  accuracy  at  this  output  jack  is 
1.0^,  with  a  recover  D.G.  resistance  of  1,0  megohm  or  greater,  A  similar 
arrangement  provides  torch  current  indication  with  selectable  ranges  of  0-1000, 
2000,  5000  and  10,000  amperes.  This  meter  is  provided  with  a  front  panel  adjust¬ 
ment  to  provide  current  limiting  at  a  preset  value.  Start  of  torch  current  is 
sensed  by  an  "on”  switch.  A  hi^  current  meter  shunt  is  provided  in  the  arc 
igniter  for  instrumentation  of  this  unit.  An  output  jack  nrovides  the  arc 
current  level  for  remote  readout  and  lecording,  at  a  level  of  5.0  millivolts  per 
kiloampere  torch  current,  with  an  accuracy  of  1,0%  at  a  recorder  D.C.  resistance 
of  1.0  megohm  or  greater. 

An  internally  mounted  rheostat  controls  the  output  power  of  the  power  supply 
through  a  magnetic  amplifier/saturable  reactor  pystem.  This  combination  provides 
power  adjustment  from  no  load  to  full  load  in  1).0  seconds,  by  means  of  a  constant 
speed  motor  drive.  A  zero  limit  switch  is  provided  in  the  rheostat  drive  to 
insure  that  the  are  is  not  started  at  elevated  supply  voltages  which  would  be 
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FlguM  4.  View  of  Control  COnaole,  Cooling  Water  Flow  MMer, 
and  Gaa  Sorge  Cylindera 
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injtirious  to  its  anode/eathode  assembly.  Rish-button  controls  are  Aimlshed  In 
the  console  for  centralized  operator  control  vrfiich  provide  In  the  manual  mode  of 
operation,  the  following  on-off  functions:  Console  power,  gas  flow,  water  pump, 
power  supply,  vacuum  oump,  and  seeder.  The  torch  current  control,  which  is 
'*up"-''down",  may  be  operated  either  automatically  or  manually  by  means  of  a 
selector  button.  The  water  mimp,  power  supply,  and  vacuum  pump  controls  provide 
a  relay  switched  voltage  In  order  to  operate  the  remotely  located  pump  motor 
starters,  and  the  tx)wer  supply  contactor.  Interlocking  of  power  sunoly  controls 
with  air  and  water  controls  are  provided  in  order  to  preclude  an  iiig>roper 
sequencing  of  operation  which  could  result  in  damage  to  the  torch  or  its  compo¬ 
nents.  Either  fully  or  semi-automatic  as  well  as  fully  manual  modes  of  equipment 
operation  are  selectable  by  the  operator.  Test  operations  for  this  experimental 
investigatidn  have  been  performed  exclusively  in  the  manual  mode,  in  order  to 
introduce  variations  in  selected  functions  to  determine  the  side  or  end  effects 
produced  relative  to  power  generated.  Such  variations  include  adjustments  in 
seeding  rates,  slight  Incident  frequoicy  changes  in  the  3000  C3rcle  coil  power 
supply,  and  others  described  in  subsequent  sections. 

2,3  Power  Supply 

Ihe  one  megawatt,  single  unit  A.C.  power  supply  and  rectifier  bank  utilizes 
a  saturable  core  reactor  for  current  control.  This  supply  is  housed  in  a  special 
building,  designed  for  this  purpose.  This  unit  is  remotely  controlled  from  the 
torch  console  and  will  operate  from  no  load  to  full  load  in  approximately  five 
seconds.  Ibe  xinit  is  shown  in  Figure 
2.1:  Power  Substation 

A  separate  power  substation  operating  from  a  26^X7  utility  company  supply, 
was  constructed  for  this  facility  (Figure  6).  It  contains  the  tiiree  power 
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Figure  6.  26/4KV.  Power  Substation 


transformers,  an  auxiliary  U^OV  transformer  and  a  main  power  line  switch-gear 
unit, 

2.5  Vacuum  System 

In  order  to  permit  extended  supersonic  plasma  flow  during  experimental 
operation,  a  vacuum  blow  down  or  "dump**  system  was  constructed,  and  the  design 
is  discussed  in  Section  This  system  was  required  to  prevent  the  formation  of 
a  shock  wave  at  the  test  Section  exit  vdiich  occurs  at  0,6  atmospheres  for  the 
test  generator  configraration  designed  for  this  program.  This  and  other  associ¬ 
ated  requirements  are  extensively  discussed  in  Section  3.  The  tank  and  vacuum 
numo  are  shown  in  Figures  7  and  8, 

2.6  Cooling  System 

A  closed  water  cooling  system  was  designed  to  meet  the  plasma  arc  torch  and 
generator  component  cooling  requirements  (Figures  li  and  8),  The  design  as  well 
as  performance  characteristics  are  described  in  Section  5  and  a  schematic  diagram 
of  this  system  is  shown  in  Figure  9» 

2.7  Generator-Torch  and  Components 

The  "heart"  of  the  MHD  generator  may  be  categorized  into  three  basic  group¬ 
ings,  The  plenum  chamber  and  supersonic  nozzle,  with  its  test  section 
(Figures  2  and  3)  constitute  the  first  group  and  are  covered  in  Section  3«  Also 
covered,  but  not  necessarily  required  for  the  present  finalized  configuration, 
was  a  supersonic  diffuser  unit.  The  second  grouping  includes  the  power  extrac¬ 
tion  colls  (shown  installed  on  the  test  section  in  Figure  10),  coil  power  supply, 
and  power  monitoring  matrix  (Figure  2),  which  are  ooi^>rehensively  diecuseed  in 
Section  li.  The  Powder  Injection  Seeder  (Figure  2)  is  described  in  this  section 
and  is  an  adjunct  to  the  generator.  The  final  group,  which  falls  under  the 
claseification  of  Instrumentation,  le  described  herein,  in  Paragraph  2»7*7,  and 
dieouseed  more  fully  in  Section  U« 
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Figure  9.  Schematic  Diagram  of  Equipment  Cooling  System 
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2.7.1  Plenmi  and  Mixing  Chaaber 

This  csrlindidLosl  unit  Is  s  water-cooled  component  of  the  i^sma  are  torch 
and  is  attached  to  its  exit  noszle.  Oxjgen  and  seeding  materials  are  introduced 
to  the  i^asma  throu^  this  unit.  This  unit  is  shown  in  Figure  2  and  discussed 
in  Section.  3. 

2.7.2  Supersonic  Npgzle 

A  two-dimensional  supersonic  venturi  nozzle  (which  is  cooled  in  a  manner 
similar  to  the  plenum  chamber)  was  designed  and  built  to  provide  the  means  of 
transition  from  circular  plasma  flow  in  the  plenum  chamber,  to  rectangular  flow 
in  the  exoerlmental  test  section.  This  converging-diverging  nozzle  was  designed 
to  accelerate  the  plasma  to  Mach  l.^li. 

2.7.3  Test  Section 

Two  similar  types  of  dielectric  test  sections  were  designed  for  this  program. 
The  first  of  which  utilized  a  constant  rectangular  cross-sectional  area.  The 
present,  or  second  type,  maintained  a  constant  vertical  height,  along  an  expand¬ 
ing  straight- tapered  horizontal  width. 

2. 7.1*  Diffuser 

A  rectangular  to  circular  diffuser  section  was  designed  and  built  for  use 
in  conjunction  with  the  constant  cross-sectional  area  section  previously  mentioned. 
Operation  of  the  equipment  using  the  tapered  test  section  appears  to  be  satisfac¬ 
tory  without  the  use  of  a  diffuser, 

2,7.5  Power  Extraction  Coils 

The  power  extraction  coils  consist  of  an  upper  and  J.ower  three-phase  coll 
section,  bonded  to  a  laminated,  rectangular  core.  Both  water-cooled  sections  are 
virtually  identical.  Cooling  is  accomplished  by  means  of  a  tubular  ooil  manifold. 

A  tertiary  winding  utilized  for  the  cower  monitoring  matrix  is  bonded  to  the 
upper  coil  section.  Hie  three-phase  colls  provide  the  traveling  wave  field  which 
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is  used  to  extract  power  from  the  plasma.  In  Figure  10  they  are  shown  attached 
to  the  test  section. 

2.7.6  Coil  Power  Supply 

Two  types  of  three-phase  coil  power  supplies  were  built  for  this  program 
^<rxth  output  frequencies  of  three  thousand  cycles  at  5  Kv-/  per  phase.  The  present 
rotating  machine  system  utilizes  three  mechanically  coupled  Alexandersson  type 
alternators,  driven  by  a  twenty-five  horsepower  variable  speed  motor,  as  shown 
by  Figure  11.  The  control  and  regulator  equipment  for  the  rotating  machine  are 
each  housed  in  a  separate  equipment  chassis.  The  original  unit  which  employed  a 
power  transistor  supply  system,  was  discarded  due  to  unreliable  operation  experi¬ 
enced  during  test  operation.  It  may  be  seen  in  Figure  2. 

2.7.7  Power  Monitoring  »Iatrix 

This  network  separates  each  of  the  three-phase  traveling  wave  power  compo¬ 
nents  extracted  from  the  ionized  plasma  by  the  coil  system.  It  is  shown  in 
Figure  2,  Phase  nulling  techniques  are  employed  to  cancel  out  the  incident  power 
from  the  alternator  supply  in  order  to  directly  record  the  power  extracted  from 
the  plasma. 

2.7.8  Positive  Feed  Seeder 

Additional  ionization  of  the  plasma  is  obtained  by  the  introduction  of 
potassium  carbonate  (K2CO3)  seeding  compound  into  the  plenum  and  mixing  chamber. 

A  standard  positive  feed,  powder  injection  unit  was  modified  to  use  nitrogen  from 
the  console  controlled  supply  as  the  carrier  gas  for  this  p\irpose,  and  is  shown  in 
Figure  2.  The  readily  dissociated  alkali  metal  is  introduced  from  this  unit 
into  the  plenum  and  mixing  chamber,  iimdiately  forward  of  the  plasma  arc  orifice. 

2.7.9  Instrumentation 

In  oxtier  to  obtain  axid  record  the  test  data  needed  to  perfora  the  sxperl- 
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Figure  11.  imree  Phase  Motor/Altemator. 


mental  oortion  of  this  investigation,  several  items  of  apparatus  were  designed 
and  built.  Pressure  measurements  are  obtained  at  four  stations  during  experimen¬ 
tal  test  runs.  These  locations  are  the  plenum  chamber/supersonic  nozzle,  test 
section  entrance  and  exit,  and  the  vacuum  dump  tank  orifice.  The  readings  are 
displayed  on  a  mercury  manometer  board.  Timing  sequences  are  displayed  on  a 
master  clock.  All  of  the  previously  mentioned  readings,  the  nitrogen  and  oxygen 
mass  flow  rates,  and  an  oscillograph  trace  of  the  nulled  output  signal  level  are 
recorded  on  film  with  a  35  mm  Robot  camera.  The  master  clock  is  triggered  at  the 
start  of  the  test  run  in  conjunction  with  a  multi-channel  Sanborn  recorder. 

Traces  of  differential  cooling  water  temperature,  extracted  or  generated  voltage 
and  current,  arc  current  and  voltage,  and  phase  angle  are  recorded  on  the  Sanborn 
unit.  Exciting  frequency  of  the  excitation  power  supplied  to  the  three-phase 
coils  (in  this  case  3000  cycles)  is  displayed  on  a  digital  frequency  counter. 
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3.  AEROPyNAMIC  DESIGN  OF  GENERATCR 


3.1  Introduction 

From  the  aerodjmamics  ooint  of  view,  the  present  A.C.  ^fHD  power  generator 
can  be  regarded  as  Just  an  ordinary  blow-down  tunnel  with  its  usual  components, 
viz,,  a  plenum  chamber  serving  as  a  highrpressure  resexnroir  into  which  is  con¬ 
nected  a  nozzle.  This  is  followed  by  a  "test-section”  and  supersonic  diffuser, 
the  latter  leading  into  a  vacuum  tank  which  serves  as  the  low-pressure  reservoir 
as  well  as  a  "sink"  or  dump  tank. 

It  was  shown  in  Part  I  of  this  work  (p.  86,  ref.  1)  that  more  electrical 
energy  is  extracted  from  the  plasma,  for  the  same  initial  total  enthalpy  and 
pressure,  in  supersonic  as  conpared  to  subsonic  flow.  It  was  therefore,  decided 
to  have  supersonic  flow  in  the  "test-section";  this,  of  course,  meant  that  the 
nozzle  mentioned  above  had  to  be  of  the  converging-diverging  type. 

The  procedure  adapted  for  the  design  and  analysis  of  the  olenum-nozzle 
combination  was  as  follows: 

a)  Design  the  supersonic  part  of  the  nozzle  by  the  tiethod  of 
Characteristics  as  applied  to  steady,  two-dimensional, 
irrotational,  isentropic  flow  of  an  ideal  gas,  neglecting 
skin  friction  and  heat  transfer, 

b)  Regarding  the  gently  curving  wall  of  the  nozzle  as  a  flat 
plate  with  leading  edge  at  the  throat,  compute  laminar 
boundary  layer  displacement  thickness  along  the  nozzle  walls. 

Add  these  displacement  thicknesses  to  the  four  walls  to 
obtain  the  final  internal  dimensions  of  the  supersonic  part 

of  the  nc'^ile. 
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c)  Having  thus  fixed  the  exit- to- throat  area  ratio  of  the  nozzle, 
determine  flow  parameters  in  the  plenum  chamber  and  nozzle, 
talcing  into  account  real  gas  effects  but  neglecting  skin  friction 
and  heat  transfer  to  the  walls*  In  addition  to  the  above  area 
ratio,  three  additional  imposed  conditions  are  necessary  to 
uniquely  determine  the  flow.  T}ie  three  conditions  selected  mre 

(i)  isentropic  flow  throu^out, 

(ii)  a  stagnation  pressure  of  one  atmosphere,  and 

(iii)  a  static  temperature  of  5850^  at  the  exit  of  the 
nozzle,  to  assure  an  electrical  conductivity  of 
approximately  200  mho/m  at  the  entrance  to  the 
**test-section"  when  the  air  is  seeded  with  1%  (by 
weight)  of  Potassium  Carbonate  (K2CO2),  ref.  2. 

d)  Evaluate  how  sensitive  the  parameters  at  the  nozzle  exit  are  to 
variations  in  stagnation  conditions.  Specifically,  determine 

the  mass  and  energy  flow  rate  as  a  function  of  stagnation  pressure 
and  enthalpy,  and  also  how  these  affect  the  velocity  and  state 
properties  at  the  exit  of  the  nozzle. 

The  procedure  used  in  designing  the  remaining  components  of  the  ”blow-down” 
tunnel  are  discussed  under  their  respective  headings. 

3#2  Nozzle  Design  and  Performance 

3.2.1  Desiign  of  Supersonic  Nozzle  by  Method  of  Characteristics 
The  supersonic  nozzle  was  designed  by  the  method  of  characteristics  as 
applied  to  tifO«-diaenaional,  irrotational,  isentropic  flow  of  an  ideal  gas  under 
steady-state  conditions,  neglecting  all  surface  and  body  forces  other  than  the 
driving  pressure  gradient  (eee,  for  cgcaiqple.  Chapter  15  of  reference  3)« 


For  the  reason  stated  in  the  introduction!  it  was  decided  to  accelerate  the 
flow  to  some  supersonic  velocity  before  introducing  it  into  the  "test-section’^. 
Since  the  static  tender ature!  and  hence  also  the  electrical  conductivity! 
decreases  with  Increasing  Mach  number!  &  supersonic  Mach  number  had  to  be 
selected.  A  Mach  number  of  1«600  was  somewhat  arbitrarily  chosen  as  a  compro¬ 
mise  between  keeping  the  static  temperature  as  hi^  as  possible  ^hile  at  the 
same  time  staying  sufficiently  away  from  a  Mach  number  of  unity  to  avoid  chok¬ 
ing  and  other  undesirable  transonic  properties.  The  Mach  number  for  the  uniform 
and  parallel  flow  at  the  exit  of  the  nozzle  was  thus  taken  as 


Exit  Mach  Number 
i^th  coiresponding 
Prandtl-Meyer  angle 
And  corresponding 
Mach  angle 


«exit  -  1-600 
Vexit  ■  1U.8596° 


38.68° 


(3.1) 


This  was  to  be  produced  from  assumed  sonic  velocity  at  the  throat,  viz., 


Throat  Mach  Number 

M* 

-  1.000 

With  corresponding 

V. 

Prandtl-Meyer  angle 

-  0.0000° 

And  corresponding  Mach 

/* 

angle 

-  90.00® 

Flow  acceleration  from  M*  -  1.000  to  Mexit  ■  1.600  was  assumed  to  be  produced  by 
U;  (an  arbitrarily  chosen  nuji4>er)  discrete  jumps  or  "expansion  waves".  Since  the 
flow  is  symmetric  about  the  centerline  of  the  nozzle,  the  centerline  can  be  re¬ 
garded  as  a  solid  plane  boundary,  with  Its  associated  property  that  waves  reflect 
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off  it  in  same  sense  (that  is,  compression  waves  reflect  as  compression  waves  and 
expansion  waves  reflect  as  expansion  waves).  The  above-mentioned  lli  expansion 
waves  consisted  actually  of  seven  rieJit-running  waves  originating  from  the  expan¬ 
sion  zone  of  the  nozzle  (see  Figure  12),  and  seven  left-running  waves  represent¬ 
ing  the  former  seven  waves  after  having  been  reflected  by  the  solid  olane  boundary. 

The  nozzle's  expansion-zone  length  is  so  chosen  as  to  avoid  any  of  the 
reflected  left-running  waves  from  impinging  on  that  zone.  The  reflected  left- 
running  waves,  vihen  impinging  on  the  nozzle  contour  past  the  expansion  zone,  are 
purposely  cancelled,  in  order  to  produce  a  wave-free  flow  at  the  nozzle  exit. 

This  is  accomplished  in  the  "compression-zone”  of  the  nozzle  by  contouring  the 
nozzle  back  to  parallel  the  centerline. 

The  above  scheme  was  carried  out  using  seven  centered  simple  waves  along  the 
expansion  zone  of  the  nozzle,  each  representing  the  same  turning  angle  (A  0), 

Since  the  same  turning  angle  is  also  required  to  cancel  each  of  the  seven  waves, 
it  is  iimediately  seen  that  the  entire  nozzle  contour  is  con^sed  of  lb  turning 
points.  Also,  since  these  II4  turning  points  accomplish  the  same  flow  acceleration 
as  would  be  obtained  with  a  Prandtl-Meyer  deflection  of  m,8596®,  it  is  clear  that 
the  angular  deflection  at  each  of  the  llx  turning  points  on  the  nozzle  wall  mast  be 
equal  to 

(A  ©)  -  111.^96°  -  1.06U*®  (3.3) 

Having  thus  determined  the  turning  angle  at  each  of  the  strain-line 
segments  that  con^rise  the  contour  of  the  entire  nozzle,  the  slopes  of  the  expan¬ 
sion  waves  (0),  (also  referred  to  as  characteristic  lines  or  Mach  waves)  are 
obtained  as  follows  (p.  1(67,  reference  3) 
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Figure  12.  Derivation  of  Nozzle's  Contour  by  Method  of  Characteristics 


for  right-running  | 

r  e.  -'i), 

(3.1i) 

Mach  waves 

1  (3.5) 

For  left-running  f 

(3.6) 

T'lach  waves  \ 

^  O'i.)  ^  (yA ' 

1 

'  (3.7) 

where JJL  and  7^  are  uniquely  related  (see,  for  example,  reference  li).  An  addi¬ 
tional  imoosed  boundary  condition,  required  to  construct  the  entire  characteris¬ 
tic  network,  is  that  the  flow  be  parallel  to  the  centerline  (e.g.,  e  »  0)  in  all 
regions  bordering  the  centerline. 

The  characteristic  network  and  nozzle  contoiir  obtained  in  the  manner 
described  above  is  shown  in  Figure  12,  The  i*esulting  exit-to-throat  area  ratio 
was  l,2l|6,  compared  to  the  theoretical  value  of  1,250  (ref,  li).  The  ,32  percent 
discrepancy  is  attributed  mainly  to  the  limited  number  of  expansion  waves  employed 
in  constructing  the  characteristic  network, 

3.2,2  Allowance  for  Boundary  Layer  Growth 

The  gently  curved  wall  of  the  nozzle  was  regarded,  as  far  as  evaluating 
boundary  layer  growth  is  concerned,  as  a  flat  plate,  Oisplacement  thickness  was 
obtained  from  the  following  relation  pertaining  to  compressible  laminar  botxndary 
layers  over  flat  plates  (reference  5) 

§*=  1.7?  I  +  MeJ  (3.8) 

iriiere  the  kinematic  Tiscosity  ('V?,),  velocity  (“tie)*  s*7d  Mach  number  (f^g)  refer 
to  conditions  at  the  outer  edge  of  the  boundary  layer,  and  were  evaluated  from 
the  known  solution  of  the  inviseid  flow  in  the  noszle,  as  previously  obtained  by 
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tions  mentioned  in  the  introduction  (see  also  Equation  (3*10)  ).  The  distance 
(x)  was  reckoned  from  the  throat,  and  the  ratio  of  specific  heats  ( ^ )  was 
evaluated  from  references  6  and  7  for  the  above  conditions  and  was  found  to  be 
essentially  constant  throughout  the  nozzle  and  equal  to  1*17 .  The  quantity  (c) 
in  Equation  (3.8)  is  the  proportionality  factor  in  Sutherland's  formula  relating 
viscosity  to  temperature,  viz., 


(3.9) 


yjhere  »  average  wall  temperature,  assumed  in  the  numerical 
computation  to  be  constant  and  equal  to  1000^ 

Tg  ■  static  temperature  at  the  outer  edge  of  the  boundary 
layer.  This  was  computed  along  the  nozzle  contour 
from  the  known  flow  field. 

S  ■  Sutherland's  constant,  S  ■  198,6^ 

See,  for  example,  reference  8. 

Displacement  thicknesses  comouted  as  described  above  were  added  to  the 
ordinates  of  the  nozzle  obtained  by  the  Method  of  Gharacteristics.  Final  nozzle 
coordinates,  given  in  Table  I,  represent  faired  values  of  the  compounded  ordinates. 

The  width  of  the  two  dimensional  nozzle  was  arbitrarily  chosen  as  one  inch. 

As  seen  in  Table  I,  the  axial  distance  between  throat  and  nozzle  exit  came  out 
(by  the  Method  of  Characteristics)  to  be  3.1il8  inches.  At  this  distance  away 
from  the  leading  edge  of  a  flat  plate,  boundanr  layer  displacement  thickness 
based  on  flow  parameters  at  the  nozzle  exit  is  equal  to  .OU76  inches.  To  allow 
for  this  boundary  layer  growth,  the  side  walls  of  the  supersonic  part  of  the 
nozzle  were  tapered  linearly  from  1,0000  inches  at  the  throat  to  1.09^2  inches 
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at  the  nozzle  exit 


3,2.3  Flow  Parameters  In  the  ^Plenum  Chamber Throat  and 

Nozzle  Exit.  Including  Considerations  of  iieal  Gas  Effects 
Caution  must  be  exercised  in  trying  to  evaluate  flow  parameters  in  the  above 
nozzle  vdien  a  plasma  rather  than  an  ideal  gas  is  being  accelerated.  Only  features 
which  rerfiain  unaffected  by  replacing  the  ideal  gas  by  a  plasma  can  be  regarded  as 
still  valid;  these  include  ( 1)  the  inviscid  exit-to-throat  area  ratio  previously 
determined  (viz.,  ^ex±t  .  1,2146),  and  (2  )  the  assumption  that  the  entire  flow 
process  remains  isentropic.  Exit  jMach  number  can,  of  course,  no  longer  be 
assumed  equal  to  1,600,  but  rather  must  be  evaluated  subject  to  additional  im¬ 
posed  parameters  (see  below). 

The  test  facility  is  regai'ded  in  the  following  analysis  as  a  blow-down 
tunnel,  with  atmospheric  air  serving  as  the  high  pressure  reservoir.  This 
immediately  establishes  one  of  the  imposed  parameters,  namely,  that  the  stagna¬ 
tion  pressure  be  atmospheric.  Static  temperature  at  the  exit  of  the  nozzle  was 
chosen  as  the  second  imposed  parameter,  and  was  someirfiat  arbitrarily  set  equal 
to  5850^.  The  four  conditions  necessary  to  uniquely  determine  (for  an  adequate 
pressure  gradient)  the  flow  in  the  nozzle,  are  thus; 


(a)  exit  .  i,2U6 
A* 

(b)  isentropic  flew  throughout 

^total  “  ^ 

(d)  W  -5850°R 


(3.10) 


It  should  be  noted  that  (^total^  ^^exit^  only  parameters  which, 

idien  added  to  conditions  (3.10(a))  and  (3.10(b)),  will  uniquely  determine  the 
flow.  Any  other  two  flow  parameters,  either  in  the  "plenum  chamber",  throat. 
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Determining  flow  parameters  in  the  "plenum  chamber",  throat,  and  nozzle 
exit  for  "initial  conditions"  (3.10)  involves  the  following  steps: 

1,  Select  a  value  for  the  total  enthalpy  (htotal)* 

2,  From  the  Mollier  charts  for  air  in  thermodynamic  equilibrlimi 

s 

(reference  6),  obtain  the  isentrope  (jj)  corresponding  to  the 
selected  value  of  (h^otal^  ^  ^^total)  *  ^  atm*,  which  will 
then  remain  constant  everywhere  in  the  nozzle. 

3,  With  («)  and  •  5850°R,  find  nozzle  exit  state  oroperties 

^exit^  ^exitf 

S 

U,  Assume  several  values  of  throat  enthalpy  (h*)  and,  with  (Jf),  find 

i 

^  'M'  it 

corresponding  throat  state  properties  P  ,  Z  .  and  T  . 

To  determine  xhich  of  the  several  values  selected  for  (h*)  in  (  1*)  truly 
represents  the  enthalpy  at  the  throat,  reference  is  made  to  the  principle  of 
continuity,  viz., 

puA.  const.  (3  #11) 

Since  the  throat  represents  the  minimum  cross-sectional  area  of  the  nozzle,  it 
follows  that  the  product 

is  maxinura  at  the  throat-  Relation  (3.12)  must  next  be  evaluated  for  the  several 
selected  values  of  (h*),  and  the  results  plotted  versus  (h*).  The  resulting 
curve  has  a  maximum  which  corresponds  to  the  true  value  of  (h*)  for  the  total 
enthalpy  value  selected  in  (l). 

Having  thus  established  the  tme  properties  at  the  throat,  exit-to-throat 
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area  ratio  is  then  obtained  from 


If  this  ratio  does  not  turn  out  equal  numerically  to  the  specified  value  of  1.2li6 
^ee  relation  (3.10(a)j7j  entire  procedure  has  to  be  repeated  again  and  again 
for  different  assumed  values  of  until  relation  (3#13)  yields  the  desired 

numerical,  value* 

State  properties  and  flow  parameters  in  the  "plenum  chamber"  throat  and 
nozzle  exit,  obtained  in  the  manner  described  above,  are  given  in  Table  II, 

Throat  dimensions  were  arbitrarily  selected  as 

height  of  throat  •  2.020  inches 

(3.U) 


width  of  throat  ■  1,000  inch 

From  (3*11)  I  (3.1h)  and  the  data  contained  in  Table  II,  there  is  obtained 

mass  flow  rate  -  .17li  ^^/sec  (3 #15) 

It  should  be  noted  that  the  exit  Mach  number,  taking  into  account  real  gas 
effects  ^exit  "  Table  I^,  differs  only  slightly  from  the  value 

Mexit  •  which  the  nozzle  was  initially  designed  by  the  method  of  charac¬ 

teristics*  This  slight  change  in  Mach  number  was  considered  insignificant  as  far 
as  having  to  re-evaluate  boundary  layer  displacement  thickness  is  concerned* 

3,2*1*  Perturbation  of  Nozzle  Exit  Parameters 
The  nozzle,  as  was  mentioned  earlier,  can  be  regarded  as  supplying  supersonic 
flow  to  a  test  section  of  a  blow-down  wind  tunnel.  In  this  resnect,  it  is  of 
interest  to  find  the  range  of  flow  parameters  at  the  nozzle  exit  that  can  be  ob¬ 
tained  by  perturbing  the  two  quantities  >^ich,  in  practice,  lend  themselves  most 
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readily  to  variations,  namely,  stagnation  pressure  and  enthalpy. 

Retaining  conditions  (3.10  (a))  and  (3#10(b))  and  selecting  several  values 
of  (Ptotal^  ^Niotal^^  flow  oarameters  at  the  nozzle  exit  are  obtained  as 
follows : 

a.  For  each  selected  pair  of  (^total^^^  ^^total^  obtain  the 
corresponding  isentrope  (S/^l)  from  reference  6« 

b.  Select  several  values  of  h*  and,  with  the  aid  of  reference  6, 
obtain  corresponding  values  of  2*,  T^,  and 

c.  Compute  ■a-//"  2  gj  (^otal  “  evaluate  a*  with  the  aid 

of  Figure  6  of  reference  9. 

d.  Plot  ^  and  a  versus  h  ;  the  point  of  intersection  of  the  two 
curves  gives  the  correct  value  of  h****,  thus  yielding  all  flow 
parameters  at  the  throat. 

e.  Find  the  mass  flow  rate  with  the  aid  of  Equation  (3.11)  as 
evaluated  at  the  throat. 

f.  Select  a  value  for  and,  with  the  aid  of  reference  6, 

obtain  corresponding  values  of  "^exit^  ^exit* 

Compute  the  corresponding  mass  flow  rate  with  the  aid  of 
Equation  (3.11)  as  evaluated  at  the  nozzle  exit.  Should  the 
mass  flow  rate  thus  obtained  differ  from  that  established  in 
step  (e)  for  the  throat,  repeat  step  (  f )  for  different 
values  of  h^^^^  until  agreement  is  reached. 

Flow  velocity  at  the  exit  of  the  nozzle,  obtained  for  several  selected 
va-lues  of  stagnation  pressure  and  enthalpy  in  the  manner  described  above,  is 
shown  in  Figure  13.  As  seen  from  this  figure,  changes  in  velocity  are  primarily 
due  to  ent^ialpy  variations  and  to  a  much  smaller  extent  to  variations  in 
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stagnation  pressure.  Slight  inconsistencies  in  the  scattering  of  the  computed 
data  points  in  Figure  13  are  attributed  to  difficulties  involved  in  reading  the 
?lollier  charts. 

For  the  nressure  and  enthalpy  range  of  Figure  13  exit  Mach  nturiber  remained 
essentially  constant  and  equal  to  1.^3  (see  Table  II),  with  deviations  amounting 
to  less  than  *  2%  of  this  value* 

Static  temperature,  pressure  and  density  at  the  exit  of  the  nozzle,  for  the 
same  stagnation  pressures  and  enthalpies  used  in  Figure  13,  are  shown  in 
Figures  lli,  lb,  and  l6,  resoectively.  Static  temperature  at  the  exit  to  the 
nozzle,  like  exit  velocity,  is  seen  from  Figure  Ih  to  be  much  more  sensitive  to 
changes  in  stagnation  enthalpy  than  to  stagnation  pressure.  On  the  other  hand, 
changes  in  static  pressure  at  the  exit  to  the  nozzle  are  due  almost  entirely  to 
variations  in  stagnation  pressure  (see  Figure  15).  Static  density  at  the  nozzle 
exit  and  mass  flow  rate  are  shown  in  Figures  l6  and  17,  respectively,  as  functions 
of  stagnation  pressure  and  enthalpy* 

3*2*5  Power  Requirements  (Ideal  Case) 

Total  energy  flow  rate  throu^  the  nozzle  is  given,  for  isentronic  flow,  by 

«- 

(total  energy  flow  rate)  *  m  h^otal  (3.1^) 

where  (A)is  the  mass  flow  rate  and  stagnation  enthalpy*  Now, 

assume  there  exists  an  ideal  power  converter  which  transforms  electrical  power 
input  to  increased  enthalpy  of  onflowing  air,  and  that  this  is  accomplished  with 
100^  efficiency.  If  the  air  whose  enthalpy  is  to  be  increased  to  (h^^,^)  is 
initially  at  an  enthalp?r  level  corresponding  to  standard  atmospheric  conditions 
(hatm  "127  ®'^Vlbj^) ,  the  power  required  by  such  a  machine  is 

^ideal  *  ^  (^total  “  ^atm^  (3.17) 
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Relation  (3*17)  >  evaluated  for  conditions  of  Figure  7,  is  shown  in  Figure  18. 

3.2,6  Subsonic  Part  of  Nozzle 

Ideally,  the  subsonic  pa^+  of  the  nozzle  should  be  made  sufficiently  long 
and  have  such  gentle  curvature  as  to  insure  that  the  sonic  surface  is  almost 
exactly  a  plane  normal  to  the  centerline  of  the  nozzle  at  the  throat 
(p.  ^16  reference  3)« 

To  keen  heat  losses  to  the  walls  as  low  as  possible,  it  was  necessan^  to 
limit  the  length  of  the  subsonic  inlet  to  a  bare  minimum  still  commensurate  with 
the  above  criterion.  The  subsonic  nart  of  the  nozzle  was  designed,  in  addition, 
to  convert  the  axi-symmetric  low  subsonic  flow  in  the  plenum  chamber  to  two- 
dimensional  uniform  flow  at  the  throat,  A  perspective  view  of  the  plenum  chamber 
and  converging-diverging  nozzle  is  shown  in  Figure  19.  Additional  details  con¬ 
cerning  the  subsonic  inlet  are  shown  in  Figure  20, 

3*3  Test  Section 

Variation  in  cross-sectional  area  required  to  maintain  constant  velocity 
flow  in  the  test  section  was  previously  comnuted  and  is  -given  in  Section  7  of 
reference  1,  The  walls  were  assumed  in  those  computations  to  be  isothermal,  and 
due  consideration  was  given  to  skin  friction  and  heat-transfer  effects  as  applied 
to  compressible  turbulent  boundary  layer  flow.  Real  gas  effects  were  also 
included  in  those  computations. 

An  overall  length  of  2I4  inches  was  somewhat  arbitrarily  selected  for  the 
"test  section",  ^ich  also  includes  two  end  flanges,  see  Figure  21,  The  cross- 
sectional  area  at  the  entrance  to  the  test  section  was,  of  course,  made  equal  to 
the  nozzle’s  exit  area,  viz,,  1,0952  inches  x  2.612  inches,  see  Section  3*2,2 
and  Table  I,  The  1*0952  inch  width  was  kept  constant  along  the  test  section, 
with  the  required  increase  in  cross-sectional  area  being  applied  exclusively  to 
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the  height  of  the  channel.  From  the  general  trend  suggested  by  Figure  39  of 
reference  1,  a  value  of  1,3  was  chosen  for  the  ratio  of  exit-to-entrance  cross- 
section  area  of  the  test  section,  thus  establishing  the  exit  height  as  3.U  inches 
A  straight  line  taper  was  used  in  diverging  the  height  of  the  channel  from 
2.612  inches  to  3#U  inches,  see  Figure  21, 

To  avert  a  possible  choking  condition  that  mi^t  develop  towards  the  exit 
end  of  the  test  section  as  a  result  of  not  taoering  two  of  the  channel  walls,  a 
separate  analysis  was  made  to  determine  the  extent  to  which  the  boundary  layer 
displacement  thickness  will  grow  above  its  initial  value  of  ,0b 76  inches  at  the 
entrance  to  the  test  section  (see  Section  3* 2*2),  A  l/7th  power  law  of  velocity 
distribution  in  the  turbulent  boundary  layer  was  emoloyed  in  the  analysis,  which 
then  yields  a  displacement  thickness 

g*  i  g 

(p.  h32  reference  10),  Boundary  layer  thickness  was  computed  from  the  relation 
(reference  11) 


% 
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where 


0  for  2-dimensional  flow 
1  for  3-dimensional  flow 
Since  these  relations  a?5nly  to  purely  turbulent  flow,  it  was  necessary  to  first 
determine  a  fictitious  distance  ahead  of  the  test  section  inlet,  which  will  have 
a  turbulent  displacement  thickness  at  the  inlet  equal  to  the  previously  computed-' 
laminar  displacement  thickness  of  .Ob76  inches.  Integration  of  Equation  (3.19) 
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was  then  continued  past  this  fictitious  distance  to  obtain  the  displacement  thick¬ 
ness  at  the  exit  end  of  the  test  section.  In  this  manner  a  value  of 

^  •  *12  inches 

^  T.S.  exit 

was  found  for  the  turbulent  boundary  layer  displacement  thickness  at  the  exit  of 
the  test  section.  Since  this  value  is  considerably  less  than  half  the  width  of 
the  channel  (.5h76),  it  was  not  considered  likely  that  the  flow  wd.ll  be  choked; 
this  was  later  also  confirmed  experimentally. 

An  additional  item  of  interest  was  the  evaluation  of  the  channel  *s  x-xall 
temoerature  as  a  function  of  "running-time'*.  The  vrall  was  considered  a  semi- 
infinite  solid  exposed  to  the  flow  of  air  whose  static  and  total  temperatures  are 
58^0^.  and  6750^,  resoectively  (see  Table  II),  Assuming  a  Prandtl  number  of  .75, 
the  recovery  temperature  is  then 


/■T(x,t)_7  T  (0,oO)  -  66U0°R 

^  ^  ^  recovery  \ 


With  this  boundary  condition  and  the  following  assumed  value  of  the  heat  transfer 
coefficient 

BTU 

h  -  .0225  772 - 5b 

ft^sec  °R 

wall  temperatures  were  computed  from  the  relation  (p,  21<^,  reference  12) 


2^ 

vriieire  it  is  assumed  that  T(x,0)  ■  0.  In  this  relation 


dlffusivity  of  solid  material 


fe.- 

■  thermal  conductivity,  BTU 

ft  sec  °R 


X 

7^. 


^  -  density, 

Cqs  snecific  heat,  BTU 


and 


h 


Equation  (3.20)  was  evaluated  asspiming  the  rnaterial  of  the  semi-infinite  slab  to 
be  quartz,  for  which  (p,  reference  13) 


.221  X  10' 


-3 


.18 


BTU 


137  Ibm 


ft3 


BTU 

ft  sec  ^ 


The  results  obtained  are  shown  in  Figure  22.  As  is  seen  from  this  figure,  a  run¬ 
ning  time  of  about  eight  seconds  is  available  before  reaching  the  softening 
temperature  of  the  wetted  surface.  Beyond  this  time  interval  the  temnerature  is 
not  expected  to  follow  the  curves  shown  in  Figure  22  because  of  the  surface  effects 
that  will  take  olace  (such  as  ablation,  chemical  reactions,  etc.), 

3.1i  Supersonic  Diffuser 

Althou(^  not  an  essential  component,  supersonic  diffusers  are  employed  to 
(l)  fix  the  location  of  the  shock,  and  (2)  reduce  the  total  pressure  loss. 

The  minimum  ratio  of  diffuser  throat-area  to  nozzle  throat-area  is  given,  for 
isentronic  flow  of  an  ideal  gas,  by  /^Equation  (?.U8),  reference  ^ 

^diffuser 
A^ 

nozzle 

I. 

where  and  are  stagnation  pressures  ahead  and  behind  a  normal  shock 


min. 


(^t2/^%) 


(3.21) 
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corresnonding  to  teat  section  Mach  nuiriber.  Since  the  ratio  (^t2/^tj^)  ^ 

function  of  Mach  number  only  (see,  for  example,  reference  h),  it  is  of  great 
importance  to  establish  the  proper  Mach  number  on  which  to  base  this  ratio. 

Now,  the  converging-diverging  nozzle  vjas  designed  to  deliver  a  Mach  1,53 
flow  at  the  entrance  to  the  test  section  (see  Table  II),  Because  of  the  diverg¬ 
ing  geometry  of  the  test  section  (required  for  maintaining  constant  velocity  flow)# 
and  also  because  of  heat  losses  to  the  walls  of  the  channel,  the  Mach  number  will 
increase  towards  the  exit  end  of  the  test  section,  as  both  of  these  factors  con¬ 
tribute  toward  reducing  the  local  soeed  of  sound,  “An  analysis  of  these  effects 
revealed  that  the  exit  Mach  number  would  reach  a  value  of  about  1,67,  thus  call¬ 
ing  for  a  minimum  diffuser- throat  to  nozzle-throat  area  ratio  of  1,15.  A 
natural  upper  bound  for  this  ratio  would,  of  course,  be 

A* 

diffuser 
Nozzle 

A  value  of  diffuser  «  1,29  was  finally  chosen  as  the  "truer"  minimum  ratio, 

Nozzle 

since  the  value  1,15  does  not  take  into  account  boundary  layer  build-un  along  the 
walls,  A  value  closer  to  the  theoretical  minimum  (1,15)  rather  than  the  theore¬ 
tical  maximum  (1,8U)  was  chosen,  as  it  would  be  much  easier  to  enlarge  the 
"second  throat",  rather  than  reduce  its  area,  in  case  of  a  misjudgement. 

Figure  23  shows  the  inside  dimensions  of  the  diffuser,  where  the  height  of 
the  "second  throat"  is  obtained  as 


^T,3,  exit 
^nozzle 


3,h  X  1,0952 
2,02 


height  of 
"second  throat" 


2,3R  inches 


U9 
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Figure 


h.  ELECTRICAL  DESIGN  OF  GENERATOR 


li.l  Introduction 

The  b^sic  requirement  of  the  generator  is  the  production  of  a  linear  travel¬ 
ing  magnetic  field  to  provide  inductive  interaction  with  the  moving  plasma. 
Theoretical  considerations  showed  that  the  optimum  velocity  of  the  m^ietic  field 
for  maximum  power  extraction  would  be  one-half  the  plasma  velocity  and  traveling 
in  the  same  direction  for  an  electrical  slip  of  -1, 

The  method  used  to  provide  the  linear  traveling  wave  was  a  polynhase  A,C, 
coil  and  generator  combination,  A  three-phase  device,  rather  than  two-phase  was 
chosen  in  this  case  since  standing  wave  effects  due  to  incomplete  coil  sections 
at  the  ends  of  the  total  coil  would  be  minimized,  and  better  utilization  of  the 
interaction  length  could  thus  be  achieved. 

Early  in  the  development  of  the  generator  system,  consideration  had  been 
given  to  the  use  of  an  excitation  system  using  triggered  switches  and  resonant 
circuits  to  produce  slowly  changed  oscillationj  however,  this  was  soon  discarded 
when  it  became  obvious  that  the  timing  and  synchronization  precision  required  for 
proper  polyphase  operation  would  be  totally  unobtainable  with  the  circuits  conteift- 
plated. 

The  final  method  selected  was  continuous  operation  of  the  generator  using  a 
CW  exciter.  Since  it  was  desired  to  obtain  as  large  a  magnetic  field  as  practi¬ 
cable,  consideration  was  given  to  the  use  of  water-cooled  copper  coils  placed  on 
the  face  of  a  ferromagnetic  substrate  absorbing  an  input  power  of  13*5  Kl-/,  and 
delivering  a  calculated  field  strength  of  about  1000  gauss  (see  para, 


ii#2  IVansistorized  Exciter 


General  Discussion 

Because  of  the  relatively  high  power  level  contemplated  for  the  coil  excita¬ 
tion,  the  high  frequency  (3  to  6  KC),  the  polyphase  feature  and  finally,  the  low 
load  impedance  of  the  coil  system,  a  high  power  precision  three-phase  generator 
using  switching  techniques  was  evolved. 

As  indicated,  the  power  supply  was  composed  entirely  of  semi-conductors  in 
switching  type  circuits,  as  shown  in  Figure  2h*  All  circuits  operated  at  rela¬ 
tively  low  power  levels  up  to  the  final  output  stage.  The  output  stage  was  a 
half  bridge  with  a  split  power  supply,  as  shown  in  Figure  25.  Because  switching 
techniques  were  used,  it  was  possible  to  incorporate  a  number  of  “one  knob"  con¬ 
trols  and  other  features  which  offered  highly  flexible  operation. 

The  output  of  the  generator  was,  strictly  speaking,  three  modified  square 
waves  into  tuned  circuit  loads  which  eliminated  the  higher  order  harmonics.  These 
were  so  related  that  the  resultant  current  in  the  load  was  equivalent  to  a  three- 

phase  sinusoid.  The  portion  of  the  circuit  which  created  the  three  basic  square 

# 

waves  and  their  relationship  was  termed  a  "three-phase  square  wave  generator"  . 

1*,2, 2  Clock  Pulse  Generator 

One  knob  frequency  control  was  obtained  from  a  free  running  multi-vibrator 
circuit.  Hie  clock  frequency  was  equal  to  idiere  t  is  the  total  period  of 
the  multivibrator.  Stability  of  the  period  was  obtained  by  isolation  diodes  in 
series  with  the  individual  cross  coupling  RC  timing  netwozics  and  the  opposite 
bases.  VSien  the  diode  was  back-biased,  stray  leakages  did  not  affect  the  time 
constant.  A  second  diode  across  the  base  to  emitter  junction  limited  the  reverse 
bias  to  a  constant  level  and  permitted  moie  consistent  turn-on  characteristic  of 

*  As  used  here,  this  denotes  three  individual  square  waves  with  a  time  relation¬ 
ship  of  120**  between- thSir  fundamental  coii|>onent8. 
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TO  POWER  AMPLIFIERS- SEE  FIG.  25 


Figure  24.  Block  Diagram  -  Transistorized  3-Phase  Generator 


+  I50V 


1  <  f 


igure  25.  Block  Diagram  -  Typical  Transistorized  Power  Amplifier  and  Waveforms 


the  transistor#  Once  set,  the  frequency  held  constant  for  relatively  long  periods 
without  constant  monitoring.  Short  term  stability  (1  hour)  was  measured  at  better 
than  0.2%, 

Isolation  of  the  dock  and  its  load  was  provided  by  wave-shaping  amplifiers 
\^ich  converted  the  clock  output  to  a  rectangular  pulse.  The  load  received  a 
constant  signal  whose  frequency  was  set  by  the  multivibrator.  Changes  in  fre¬ 
quency,  when  desired,  were  easily  obtained  and  did  not  upset  the  system  by 
necessitating  multiple  frequency  adjustment  and  checks. 

NOTE;  The  clock  frequency  was  six  times  the  output  frequency.  This  will  become 
evident  as  the  discussion  progresses. 

U.2,3  Square  Vave  Generator 

Generation  of  the  "three-phase  square  wave"  was  accomplished  by  use  of  flip- 
flops.  Three  of  these  flip-flops  were  connected  as  a  ring  of  three  counter,  such 
that  "A"  drives  "B",  "B"  drives  "C",  and  "C"  drives  "A".  Timing  pulses  from  the 
clock  were  fed  in  oarallel  to  all  three  flip-flops  to  establish  timing  control. 

By  means  of  appropriate  gating,  the  timing  pulses  and  the  drive  of  the  ring  flip- 
flops  were  arranged  so  that  each  of  the  flip-flops  had  an  output  every  third 
timing  pulse,  equally  displaced  in  time.  VJith  reference  to  any  one  flip-flop,  an 
output  was  obtained  at  a  frequency  which  was  one-third  of  the  clock  frequency. 

The  square  wave  itself  was  created  by  placing  each  of  the  outputs  of  the  ring 
counter  into  a  binary  divider.  As  the  ring  counter  outputs  were  soaced  in  time, 
the  square  waves  produced  were  also  spaced  in  time,  '//hen  the  three  square  waves 
were  observed  in  strict  time  relationship,  a  120^  relationship  was  evident,  and 
its  frequency  was  1/6  that  of  the  clock  frequency.  Because  of  its  digital  nature, 
the  phase  relationship  was  explicitly  defined. 

Early  in  the  design,  the  need  for  consistent  ohase  sequencing  and  manual 
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control  of  phase  reversal  was  recognized.  It  was  also  recognized  that  inherently, 
the  flip-flops  could  “lock  up”  and  the  circuit  become  inoperative  due  to  noise 
transients,  or  when  power  was  initially  applied.  To  prevent  this  condition,  a 
circuit  was  incorporated  to  recognize  a  condition  of  “lock-up”  or  other  phase 
malfunction  and  generated  a  signal  which  was  gated  into  all  six  of  the  flip-flops, 
forcing  them  to  return  to  the  predetermined  phase  sequence.  This  action  took 
place  in  the  period  between  two  clock  pulses.  Manual  phase  reversal  was  simply 
accomplished  by  use  of  a  DPDT  switch  to  switch  the  inputs  to  two  of  the  binary 
dividers. 

Control  of  Power  Output  -  Guard  Bands 

The  half  bridge  output  stage  shown  in  Figure  25  consisted  of  two  transistors 
which  were  switched  on  and  off  which  caused  the  output  voltage  to  alternate  be¬ 
tween  the  plus  and  minus  supplies.  Since  the  power  transistors  were  not  perfect 
switches,  when  their  base  was  switched  off,  considerable  dwell  and  fall-off  time 
could  occur,  which  could  result  in  a  short  circuit  condition  if  the  other  tran¬ 
sistor  base  wesre  turned  on  at  the  same  time,  A  f^ard  band  in  time  was  provided^ 
which  allowed  the  transistor  to  be  turned  off  a  short  time  before  the  other  was 
turned  on.  The  resultant  waveshape  is  shown  in  Figure  25. 

Each  of  the  binary  outputs  and  its  complement  was  fed  to  a  one-shot  multi¬ 
vibrator.  The  output  was  a  rectangular  wave,  the  width  of  which  was  adjusted  to 
be  less  than  that  of  the  square  wave.  If  the  D,C.  returns  of  the  RC  timing  net¬ 
works  are  brou^t  to  a  common  point,  simultaneous  control  of  the  width  of  the 
rectangular  output  results.  The  fractional  decrease  in  width  provided  the 
necaasaxy  guard  band  for  the  final  amplifiers.  Phase  reference  remained  unchanged. 
Further  reduction  in  the  width  of  the  rectangulw  pulse  had  the  effect  of  reducing 
the  power  in  the  load  because  of  the  shorter  period  of  conduction  for  each  half- 
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eyelet  Since  the  output  load  was  a  resonant  circuit  tuned  to  the  fundamental 
frequency^  phase  and  amplitude  variations  of  the  harmonic  components  were  imma¬ 
terial. 

14.2.5  Finsl  Power  Output  Stage 

The  complementary  portions  of  the  modified  square  wave  were  amplified 
separately  for  proper  drive  of  the  power  output  stage.  Algebraic  summation  of 
the  complementary  square  waves  took  place  in  the  tuned  circuit  loads  ^  and  the 
resultant  was  the  required  three-phase  sinusoid  at  the  fundamental  frequency. 

The  transistors  used  for  this  aoplication  had  ratings  of  300  VDC  breakdown,  and 
25  ampere  current  capability.  Two  of  these  units  provided  a  switching  capability 
up  to  KW  per  phase  at  the  fundamental  frequency. 

11.2.6  Circuit  Performance 

Experimental  data  on  the  completed  generator  showed  that  performance  met  or 
exceeded  the  initial  design  criteria.  Operating  at  full  rated  load  at  room  ambient 
temperature  frequency  stability  measurements  showed  a  total  excursion  of  less  than 
5  CPS/hr.  at  3  KC,  or  better  than  0,165?.  In  this  same  period  the  total  phase 
error  was  measured  at  less  than  30  minutes  of  arc.  No  attempts  were  made  to  test 
under  extreme  temperature  or  environmental  conditions, 

1a.2,7  S\rstem  Problem 

It  was  exoerimen tally  determined  that  the  transistorized  three-phase  genera¬ 
tor  suffered  a  failure  in  its  high  poirer  output  transistors,  due  to  hi^  voltage 
transients  which  were  apparently  introduced  by  the  plasma  arc  starter.  Modifica¬ 
tions  were  made  to  this  suooly  which  cut  out  all  power  to  the  unit  during  the  arc 
starting  period.  Failures  continued  to  occur,  at  a  reduced  rate,  i*ich  were 
apparently  caused  by  reactive  coupling  of  RF  transients  from  the  arc  starter. 
Because  of  these  failures  and  the  obvious  non-ireliability  of  the  hi^  power 
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transistor,  the  entire  transistorized  suoply  was  eliminated  and  a  rotating 
machine  sunoly  (mo tor /alternator  system)  was  designed  and  built  as  described  in 
Section  li>3# 

li,3  Alternator  Power  Supply 

ii.3,1  General  Hequirements 

A  motor  alternator  power  sfupply  capable  of  delivering  up  to  1$  KIV  at  3  to 
6  KC  nower  -  three-phase,  was  designed  and  built  to  replace  the  transistorized 
equipment  previously  described*  The  design  obviated  the  possibility  of  voltage 
transient  breakdown  in  this  equipment  since  moving  contacts  or  semiconductors 
were  not  used  in  its  design.  The  mechanical  details  of  the  system  are  described 
in  Section  5*2. 

U.3.2  -totor 

The  prime  mover  for  the  alternator  was  a  2$  HP  Reeves  variable  speed  induc¬ 
tion  motor/pulley  system,  which  provided  electrically  remote  speed  control.  An 
automatic  return  to  low  speed  upon  de-energization  was  provided  in  order  to  pre¬ 
vent  excessive  pulley  slip  ^en  started.  Other  portions  of  the  motor  electrical 
system  are  conventional* 

li*3*3  Alternators 

Three  alternators,  mounted  linearly  on  a  common  jackshaft,  provided  the 
necessary  high  frequency  three-phase  output.  These  alternators  have  been  devel¬ 
oped  quite  recently  by  the  Curtis s-V/right  Corporation,  principally  for  single 
phase  use  in  induction  heating.  However,  they  are  suitable  for  polyphase  opera¬ 
tion  since  they  are  synchronous.  These  units  are  Alexandersson-type  induction 
alternators  with  both  field  and  output  windings  on  the  stator  *  The  rotor 
consists  only  of  laminatcki,  slotted  iron  and  the  output  Is  derived  by  magnetic 
pole  switching  of  the  D.C,  field  to  induce  a  voltage  in  the  output  windings. 
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The  unloaded  harmonic  content  is  fairly  large  but  is  considerably  reduced  when 
the  machines  are  operated  into  a  tuned  reson^t  load  (i.e.  the  interaction  coil 
system).  The  alternators  are  60  pole  machines,  hence,  shaft  speeds  are  necessari¬ 
ly  li500  to  9000  rpm  for  3  to  6  KC  output.  Field  control  for  the  alternators  is 
obtained  by  a  separate  28  VDC  cower  supply,  carbon  pile  reg\ilators,  and  small 
transformer/rectifiers  for  output  voltage  feedback, 
l4,li  Interaction  Coll  System 

General  Remarks 

The  interaction  coils  used  for  excitation  and  power  extraction  were  designed 
to  produce  a  linear  traveling  wave  in  the  direction  of  the  plasma  velocity.  Tlie 
velocity  of  magnetic  field  propagation  along  the  coil  test  section  structure  must 
be  such  that  it  is  always  less  than  the  plasma  velocity  in  order  that  power  be 
extracted  (i.e.  the  slip  is  negative).  In  the  case  under  discussion,  the  plasma 
velocity  is  relatively  small  (about  1790  ny^sec).  For  most  efficient  power  trans¬ 
fer  the  slip  becomes  -1  as  has  been  shown  in  the  theoretical  report.  Hence,  it 
becomes  necessary  to  provide  a  traveling  wave  magnetic  field  with  a  group  velocity 
of  895  m/sec  for  maximum  output.  This  group  velocity  depends  on  the  mechanical 
wavelength  of  the  coil  segments  and  the  operating  frequency 

Due  to  the  compact  geometry  required,  and  the  necessit'^^  for  water  cooling^ 
the  mechanical  wavelength  of  the  coil  segment  was  limited  to  a  practical  maxinun 
of  6.0  inches,  (0,152  m),  in  order  to  obtain  a  channel  length  of  3  electrical 
wavelengths.  Likewise  the  upper  operating  frequency  was  limited  to  a  maxiinum  of 
about  3  KC  at  full  power  to  prevent  excessive  core  heating  in  the  laminated  iron 
substrate.  Thus  an  operating  group  velocity  of  only  about  I46O  m/sec  was  obtained. 
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corresponding  to  a  slip  of  anproximately  -3#  It  can  be  shown  theoretically  (see 
reference  1)  that  the  extracted  power  from  the  plasma  at  the  lower  frequency  vrould 
be  0,75  times  the  maximum  value  corresponding  to  a  slip  of  -1.  For  practical  con¬ 
siderations,  the  slip  of  -3  was  selected  as  a  working  value, 
h»h»2  Construction 

The  coil  laminated  substrates  were  constructed  of  8  mil  hynersil  strips, 
aporoximately  22  inches  long,  ii,5  inches  wide  and  2,5  inches  deen.  Shallow  slots 
were  transversely  milled  and  special  water-cooled  conductors  made  of  OFHC  copner 
0.25  inch  diameter  and  a  wall  thickness  of  3/6ii  inch,  were  bonded  to  the  substrate. 
The  conductors  i-jere  arranged  in  a  tynical  three-nhase  spatial  geometry;  a  simpli¬ 
fied  schematic  of  this  conductor  arrangement  is  shown  in  Figure  26,  -ach  coil 
segment  consisted  of  three  turns,  and  represented  a  half  wavelength  of  one  phase. 

The  retiu^n  loops  were  made  outside  of  the  iron  and  test  section  vicinity  in  order 
to  minimize  fringing  flux.  For  the  same  reason,  the  lateral  conductors  of  the 
coils  were  extended  with  a  1,5  inch  overlap  on  each  side  of  the  active  area  of 
the  test  section. 

Two  bars  were  constructed  to  fit  above  and  below  the  test  section,  the  wind¬ 
ing  on  one  coil  being  of  course,  a  mirror  image  of  the  winding  on  the  other.  The 
resultant  gap  is  thus  as  small  as  possible  in  order  to  maintain  a  minimum  reluc¬ 
tance  to  the  magnetic  field. 

It  is  interesting  to  note  that  it  is  allowable  to  have  complete  physical 
separation  of  the  two  coil  sections  without  a  retuni  magnetic  path  since  the 
algebraic  sum  of  t^e  flux  entering  and  leaving  each  section  is  at  all  times  zero« 
l.li.3  Cooling 

The  cooling  water  system  for  the  coils  was  optimized  with  maxiimim  practical 
manifolding  and  flow  rates,  r^th  the  flow  rate  thus  obtained  (aporoximately 
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6  gpn)  a  maximum  input  power  of  13*5  KW  was  considered  allowable  without  exces¬ 
sive  water  temperature  rise*  Ihe  iron  core  was  not  cooled,  and  did  exhibit  a 
temperature  rise  of  approximately  20^C  over  ambient,  at  3  KC  and  full  power* 
This  core  loss  was  larger  than  anticipated  but  not  unreasonable  for  3  KC  opera¬ 
tion*  Operation  at  significantly  higher  frequencies  would  be  possible  with 
reduced  power  input* 

h*h*k  Operation 

In  operation,  each  coil  section  «ras  tied  in  series  with  its  counterpart  on 
the  opposite  side  of  the  test  section,  and  tuned  to  resonance  with  special  high 
frequency  capacitors.  A  loaded  Q  of  between  3  to  5  was  obtained  for  the  three 
phases,  and  for  a  line  current  of  30  anperes,  resulted  in  a  traveling  magnetic 
field  strength  of  1^7  gauss  (typical)*  The  large  discrepancy  between  calculated 
and  measured  Q  was  ascribed  to  core  loss* 

li*U*5  Instrumentation  Facilities 

Determination  of  circulating  current  in  each  phase  was  made  with  standard 
Weston  transformers  operating  at  a  100:1  current  ratio*  The  output  terminals  of 
the  transformers  were  attached  to  a  non-inductive  1*00  ohm  resistor  in  order  to 
obtain  an  output  voltage  proportional  to  the  coil  current* 

A  tertiary  winding  of  fine  wire  was  bonded  to  the  top  of  each  phase  winding 
of  the  upper  coil  section,  for  use  with  the  power  monitoring  matrix  described  in 
Section  6*2* 
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^lECHAIlICAL  DESIC^^  OF  CSrTERATCR 


5.1  Introduction 

The  equipments  idiich  were  largely  of  a  mechanical  nature  are  discussed  in 
this  section,  with  emphasis  placed  upon  perfonnance  capabilities  tailored  to  the 
requirements  of  this  program.  Mechanical  and  electrical  design  of  the  generator 
are  complimentary.  Additional  capabilities  for  flexible  or  increased  operating 
performance  are  inherent,  as  will  be  described. 

5.2  Motor/Altemator  Set  for  Three  Phase  Coil  Power 

The  requirement  for  three-phase  coil  power  was  met  by  the  design  and  con¬ 
struction  of  a  high  speed  motor/altemator  set.  This  set  is  capable  of 
5  kilowatts  per  phase  at  frequencies  up  to  6000  cycles  per  second. 

Three  separate  synchronous  induction  alternators  were  modified  for  through 
shaft,  in  line  coupling  and  mounted  co-linearly  with  a  jack  shaft  which  was 
connected  by  flexible  couplings.  The  jack  diaft  was  driven  throu^  a  V-belt 
drive  consisting  of  10  parallel  belts,  by  a  25  horsepower  variable  speed,  electric 
motor  drive.  The  alternator  shaft  speed  has  usually  been  held  at  U^OO  rpm,  which 
corresponds  to  an  alternator  frequency  of  3000  cps.  However,  the  machine  has  been 
tested  as  high  as  8200  rpm  or  approxiinately  5500  cps. 

Although  this  machine  is  relatively  straightforward,  a  major  vibration 
problem  arose  during  its  design.  A  shafting  configuration  such  as  the  one  em¬ 
ployed  is  a  spring-mass  system.  This  should  be  investigated  for  lateral  and 
torsional  resonant  frequencies,  since  the  shaft  complex  has  a  nunfcer  of  Inertias 
(the  alternators,  drive  pulley  and  reflected  inertia  from  the  drive  motor)  with 
a  number  of  compliant  shafts  connecting  the  Inertias,  A  cursory  check  usually 
indicates  that  the  resonant  frequencies  are  considerably  out  of  the  operating 
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range  of  the  machine.  This  was  the  case  for  lateral  vibrations,  nowever,  in  the 
initial  layout  of  the  machine,  it  was  determined  that  two  of  the  three  torsional 
resonances  occurred  at  aporoximately  6000  rom.  The  sequence  of  this  in  line 
arrangement  (from  left  to  right)  was  as  follows;  Alternator  number  one  (inertia 
J]^)  was  connected  by  a  shaft  (^d-th  stiffness  K^)  to  the  driven  pulley  (inertia 
J2).  This  pa3-ley  was  in  turn,  connected  by  a  second  shaft  (witli  stiffness  K2)  to 
alternator  number  two  (inertia  Jj),  and  finally,  the  third  shaft  (stiffness  K^) 
was  connected  to  alternator  number  three  (inertia  Jj^).  It  was  determined  that 
Jl,  and  J2,  J3  and  combined,  were  torsionally  resonant  at  6OOO  rpm.  A 
second  system,  also  resonant  at  6OOO  rom,  was  the  result  of  the  combined  enertias 
of  alternators  J3  and  connected  to  the  pulley  J2  through  shaft  K2. 

In  practice,  a  good  design  solution  to  this  problem  would  be  to  simnly 
stiffen  the  alternator  shafts  by  increasing  their  diameters.  This  ^vould  decrease 
inertias  so  as  to  raise  resonant  speeds  above  the  operating  range  of  the  machine. 
In  this  case,  the  alternator  units  could  not  be  economica].ly  redesigned  for 
larger  rotor  shafts.  Instead,  couplings  were  designed  soft  and  a  small  flywheel 
was  added,  thus  pulling  the  two  6OOO  rpm  resonances  down  to  about  3200  rpm.  Ihe 
result  is  a  mild  shudder  as  the  machine  comes  up  to  speed,  but  extremely  smooth 
operation  occurs  in  its  normal  running  range. 

Operating  frequencies  up  to  1^  are  practical  at  reduced  loads  with  the 
present  machine.  Additional  capabilities  (to  30  KG)  may  be  attained  by  the  use 
of  newer  alternators,  v^ich  have  been  recently  developed.  These  units  can  be 
readily  substituted  on  the  existing  machine, 

5.3  Cooling  Water  System 

This  system  was  designed  to  meet  cooling  water  req^ij.rements  for  the  torch 
and  generator  components  and  provides  a  continuo^jsly  rated  deliverer  of  ItOO  gpm 


at  two  operating  pressures  of  100  and  200  nsia,  resnectively.  The  closed  water 
sunply  system  utilizes  a  ^$0  gallon  surge  tank  and  is  driven  by  a  7^  HP  water 
oump.  Flow  meters  and  metering  values  are  orovided  for  regulation  at  all  quick 
disconnect  attachment  points  to  the  torch,  olenum  and  mixing  chamber,  supersonic 
nozzle,  povrer  extraction  coils,  arc  starter  leads,  and  main  input  D.C,  power  leads. 
High  pressure  flexible  hose  connections  are  made  in  all  cases, 

Vacuum  Dump  System 

The  vacuum  tank  used  for  the  blox'X-down  system  is  eight  feet  in  diameter  by 
forty-eight  feet  long  with  a  volumetric  capacity  of  2li00  cubic  feet,  at  atmos¬ 
pheric  conditions.  The  time  required  to  evacuate  it  to  0,05  atmospheres  is 
seventeen  minutes  with  its  25  HP  vacuum  oump,  which  is  shown  in  Figure  ?•  A3* 

diameter  extension  flange  projects  into  the  laboratory  oroper,  to  which  the  exit 
flange  of  the  test  section  is  attached.  The  tank  material  is  steel  and  it  is  of 

_ combined  welded  and  riveted  construction.  A  second  or  standby  vacuum  tank  of 

2000  cubic  feet  capacity  is  available,  vrhich  would  nearlv  doiable  the  svstem 
capacity, 

5.5  Gas  Supply  System 

The  dry  nitrogen  gas  supnlv  system  has  a  storage  capacity  of  20,000  cubic 
feet  at  atmospheric  conditions  and  is  housed  in  a  separate  seimrices  shelter.  Six 
nitrogen  cylinders  are  manifolded  through  a  fecial  high  flow  rate  reducer  to 
provide  a  surge  source  of  gas,  idiich  is  controlled  through  the  console.  Oxygen 
is  provided  in  a  similar  manner  to  provide  the  reqijired  mass  flow  rates.  This  gas 
supply  system  provides  a  mixture  of  80fS  N2  at  300  psia  and  11^0  scfm,  and  205?  O2 
at  300  psia  and  hO  scftn  to  sinulate  operation  of  the  facility  on  air.  The  equip¬ 
ment  is  shown  by  Figure 
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5.6  Test  Section 


Four  test  section  configurations  have  been  (designed  and  built  for  Hiis  opera¬ 
tion.  The  first  unit  constructed  was  made  entirely  of  fused  quartz  at  a  working 
length  of  22”,  with  a  constant  rectangular  1.095”  high  by  2,612”  wide  internal 
dimensions  by  2li”  overall  length  at  a  nominal  slab  thickness.  The  seven  inch 
diameter  flanges  were  fused  to  this  section  at  both  ends.  The  second  type  which 
is  expendable,  utilized  transite  as  the  basic  material  and  was  machined  from 
rectangular  slabs.  These  were  in  turn,  bonded  at  all  joints  to  provide  vacuum 
seal.  Re-usable  aluminum  flanges  were  incorporated  at  the  entrace  and  exit  sec¬ 
tions.  Three  versions  of  this  transite  section  were  designed.  The  first  unit  * 
was  of  constant  cross-sectional  area,  whose  physica].  dimensions  were  similar  to 
those  of  the  quartz  section.  The  second  version  maintained  the  constant  vertical 
hei^t  of  1.095"  and  its  width  at  the  entrance  remained  2,612",  but  a  strai^t 
taoer  was  maintained  along  the  21;"  length  to  an  exit  width  of  3M0  (see  Figure  21), 
The  upper  and  lower  sld^s  were  built  in  two  thicknesses,  v^ich  vjere  and  3A" 
resoectively.  The  purpose  of  the  thicker  version  was  to  provide  increased  running 
time  due  to  additional  wall  material,  prior  to  bum-out  or  destruction  of  the 
section. 
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6.  instrumemtation 


6.1  Introduction 

The  instrumentation  developed  for  this  nrogram  has  been  designed  to  provide 
initial  calibration  of  the  active  equipment  prior  to  operation  and  to  record  the 
variable  parameters  which  occur  during  exnerimental  testing, 

6.2  Recorded  Test  Data 

The  instrumentation  read-out  methods  selected  for  recording  essential  inform¬ 
ation  during  a  test  run  combines  the  use  of  a  recordin';'  oscillograph  for  electrical 
measurements,  and  a  time  synchronized  photographic  recording  of  manometric  measure¬ 
ments  . 

6,2.1  Electrical  ^Measurements 

The  electrical  measurements  taken  during  a  typical  test  run  consisted  of 
(l)  plasma  torch  voltage(1000  volts  full  scale),  (2)  plasma  torch  current  (UOOO 
amperes  full  scale),  (3)  circulating  current,  in  phase  I  (typical)  of  power 
extraction  coils  (1000  amperes  full  scale),  (h)  unnulled  voltage  component  (eg) 
due  to  I'M)  action  as  described  in  Section  6,5  (sensitivity  adjustable  from 
approximately  100  millivolts  full  scale  for  a  qualitative  run;  to  100  volts  full 
scale,  qu^titative;  the  minimum  quantitative  sensitivity  obtained  being  1,0  volt 
full  scale),  (5)  electrical  measurement  of  torch,  nozzle,  and  plenum  cooling  water 
differential  temperature,  obtained  from  back-to-back  chromel  p-alumel  thermocouples 
(full  scale  1,5  millivolts  corresponding  to  a  differential  temperature  of  37.5^0), 
(6)  phase  angle  measurement  of  the  phase  angle  between  and  eg  derived  from  a 
metering  output  of  a  commercial  precision  phase  meter  (full  scale  180®),  The 
recording  oscillograph  used  for  the  six  measurements  above  was  a  Sanborn  model 
350  with  high  gain  plug-ln  amplifiers.  The  phase  meter  was  an  Advance  Electronie 
Corp,  model  Uo5. 
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In  addition  to  the  recorded  data,  visual  monitoring  was  made  of  the  constant 
excitation  frequency,  which  was  displayed  on  a  digital  counter.  Pre-test  nulling 
of  the  phase  monitoring  matrix  was  simplified  by  the  use  of  an  oscilloscope, 

6,2,2  Manometric  Measurements 

Four  mercury  manometers  connected  to  measure  plenum  pressure,  test  section 
entrance  and  exit  pressure,  and  dump  tan^'  pressure  were  photo^pranhed  with  an 
automatic  3^  ™  camera  at  one  to  two  second  intervals  during  the  test  run.  See 
Section  6,li  for  results. 

The  sweep  second  hand  of  a  standard  electric  clock  was  synchronized  with  the 
timing  marker  of  the  recorder.  It  was  placed  next  to  the  manometer  board  in 
order  to  appear  in  the  photographs.  Gas  flow  measurements  and  the  oscilloscope 
trace  of  the  phase  monitoring  matrix  were  included  in  the  photographic  record, 

6,3  Stagnation  Enthalpy  Measurements 
6,3.1  Introduction 

The  method  used  in  obtaining  the  stagnation  enthalpy  of  the  plasma  was  to 
measure  the  rate  of  temperature  rise  at  the  stagnation  point  of  an  axi-symmetric 
calorimeter-type  probe,  then  compare  the  experimental  heat  transfer  rate  thus 
obtained  with  corresponding  theoretical  predictions  which  involve  the  stagnation 
enthalpy,  and  thus  deduce  the  latter. 

Assume  the  calorimeter  to  be  made  of  good  themally  conducting  material  and 
to  be  sufficiently  small  so  as  to  always  have  essentially  uniform  temperature. 

If  the  calorimeter,  assumed  to  be  cylindrically  shaped,  is  embedded  concentrically 

in  an  axi-symmetric  larger  body  with  one  end  flush  with  the  surface  of  the  larger 

\ 

body  at  its  stagnation  region,  then  the  rate  of  heat  transfer  to  the  calorimeter 
per  unit  cross-sectional  area  of  the  cylinder  is  given  by 


(6.1) 


.=  PCp.c'V^ 


9  t 

where  ^  is  the  measured  temperature  rise  ner  unit  time  (all  s^onbols  are  defined 
in  NOI-IENCLATURE) ,  This  relation  assumes  that  none  of  the  heat  absorbed  by  the 
calorimeter  from  the  plasma  is  given  off,  thus  pointing  to  the  need  of  selecting 
a  good  insulating  material  from  which  to  fabricate  the  larger  axi-s^nmetric  body, 
6.3.2  Theoretical  Heat  Transfer  ^ate  To  Calorimeter 
The  problem  of  stagnation  point  heat  transfer  at  high  temperature  on  a  body 
of  revolution  at  zero  angle  of  attack  was  treated  by  Fay  and  Riddell  (reference  llj). 
Their  equation  for  stagnation  point  heat  transfer,  for  a  bewi.s  number  of  one,  is 


where  (I^)  is  the  average  Prandtl  number  evaluated  for  conditions  at  the  wall  and 
at  the  edge  of  the  boundary  layer. 

For  Lewis  number  other  than  one 


(6.3) 


^ere  ^  ■  ,52  for  equilibrium  flow 

■  ,63  for  frozen  flow  with  recombination  at  the  wall 
The  quantity  is  the  average  atomic  dissociation  energy  times  the  atom  mass 
fraction  in  the  external  flow; 


Ct,e.(-hl)  (6.1) 

0  orraMft 

tiiere  hj_  is  the  heat  evolved  in  the  formation  of  oxygen  or  nitrogen-  atoms  at 
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zero  degrees  absolute  per  unit  mass,  and  is  the  mass  fraction  of  oxygen  or 
nitrogen  atoms* 

Velocity  gradient  along  a  generator  of  an  axi-symmetric  body  at  the  stagna¬ 
tion  point  is  found  from  the  relation  (reference  1$) 


dUe. 

'll*®  .1 

l^( 

ds 

R  ^ 

lA^ere  (14^)  and  ( Jla)  are  the  velocity  and  density  of  the  free  stream  ahead  of 
the  detached  shock  wave,  respectively,  and  R  is  the  radius  of  curvature  of  the 
body  at  the  stagnation  point, 

6,3.3  Stagnation  Enthalpy  Probe 

A  perspective  cut-away  view  of  the  nrobe  used  in  measuring  the  stagnation 
enthalpy  of  the  olasma  is  shown  in  Figure  27.  A  (,100)  inch  diameter  (.200)  inch 
long  cylindrical  calorimeter  was  embedded  in  a  Boron  Nitride  adantor,  which  in 
turn,  was  fitted  in  a  stainless  steel  housing  as  shown  in  Figure  28. 

Probe  and  housing  were  cooled  by  injecting  nitrogen  througn  a  series  of 
1/16  inch  diameter  holes  drilled  through  to  a  common  supply  line.  The  rod  to 
Tihich  the  probe  was  fastened  could  be  moved  in-and-out  of  the  plasma- jet  by  a 
single,  spring  actuated,  mechanism. 

The  procedure  of  obtaining  data  with  this  probe  involved  the  following 
stens: 

1)  Cool  probe  in  retracted  position  until  steady  state  operation  of  the 
plasma- jet  is  obtained; 

2)  Insert  pipbe  into  plasma-jet,  keening  the  (nitrogen)  coolant  on  until 
calorimeter  reaches  a  steady  temperature; 
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Figure  27.  Perspective  Cut-Away  View  of  Stagnation  Enihalpy  Prolto  Assembly 


Figure  28.  Calorimeter- Type  Stagnation  Entiialphy  Probe 


3)  Shut  coolant  off  for  a  brief  period  of  time  during  >jhich  the 

temperature  is  remitted  to  rise  to  some  level  below  the  melting 
point  of  the  coooer  calorimeter; 
li)  Turn  coolant  on  and  retract  orobe  from  main  plasma- jet. 

Sanfiple  Computation  of  Stagnation  Enthalpy 
Supnose  the  probe  reaches  a  steady  temperature  of  700^  when  inserted  into 
the  plasma- jet  with  the  coolant  on.  Also,  supnose  the  measured  stagnation 
pressure  is  1.0  atmosnheres.  Then, 

CpTu^=(.^4  ^)(700”R)=lfc8|Si; 

V/ith  the  aid  of  Reference  6,  2»  •  1.0;  hence 

0  -Por  _  Cut-) (4.8,200 

RT^Z 

Also,  with  the  aid  of  Equation  68  and  Figure  8  of  reference  9 


-  X  10"^ 

W  ftHiiS 

It  is  next  necessary  to  assume  a  value  for  the  stagnation  enthalpy  and  proceed  to 
evaluate  the  heat  transfer  rate  with  the  aid  of  Eq\iations  (6.2)  and  (6.3)*  The 
result  obtained  will  then  be  compared  with  the  measured  heat  transfer  rate  as 
evaluated  with  the  aid  of  Equation  (6.1).  If  the  two  answers  disagree,  other 
values  for  the  stagnation  enthalpy  will  have  to  be  selected  until  agreement  is 
reached. 

Assuming  the  design  value  to  be  the  true  value  of  the  stagnation  enthalpj^ 


^8,e 


2925 


BTU 
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(see  Table  II),  hence 


i 


lb„ 


.0053 


and  with  the  aid  of  Reference  9  (since  «  6750°R,  see  Table  II), 


5.81*  X  10“ 


lb„ 


®  ft-se^ 

From  Figure  10,  Reference  9,  Prandtl  number  for  the  average  condition  between  the 
wall  and  the  edge  of  the  boundary  layer  is 
*"(%)  -  .77 

For  a  flat-faced  circular  cylinder  whose  axis  is  parallel  to  the  free-stream 
velocity,  a  good  approximation  for  the  radius  of  curvature  at  the  stagnation 
point  for  purposes  of  evaluating^He  /  from  Equation  (6.5)  is  (reference  16) 

/Qs 

R  -  l*r  (6,6) 

where  (r)  is  the  radius  of  the  cylinder.  Substituting  the  free-stream  values 
from  Table  II  into  Equation  (6.5),  there  is  obtained,  with  the  aid  of  Equation  (6,6) 
and  Figure  29 


d«e 

"35“ 


■tP 


X  ^  X  1/12) 
1*9,500  sec”^ 


,00182  (  o  _  .00182  ^ 

loo^  ^  75053”  ^ 


Stagnation  point  heat  transfer  for  a  Lewis  number  of  unity  can  next  be 
evaluated  by  substituting  the  above  quantities  into  Equation  (6,2),  Thus, 


(o)  . 

r (.057)  (1.505  X  10-5) 1  * 

1  p 
,  ( 

(.77) 

1  (.0053)  (5.81*  X  10-5)  J 

r 

338 


BTU 


X  (2925-168) 


ft^sec 
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Correction  for  Lewis  niimber  different  from  unity  is  obtained  v/ith  the  aid  of 
Equations  (6,3)  and  (6,li),  For  the  stagnation  condition  ■::X^en  in  Table  II  there 
is  obtained  from  Figure  11,  Reference  9, 

Le  »  1.25 

Also,  for  the  same  stagnation  condition,  essentially  only  oxygen  is  oresent  in 
dissociated  form  (reference  6),  and  has  a  mass  fraction  ratio  of 


o,e 


T7^ 


.0655 


The  heat  of  formation  of  oxygen  atoms  is  (o.  170ij,  reference  1?) 

h°  3  59j^  grc^  ^  BTU/lbm  .  BTO 

16  gr  *  grcal/gr  Ibm 


Substituting  into  bouation  (6,lj) 

■  .0655  X  6680  ■ 

Hence,  for  flow  in  thermodynamic  equilibrium 

^  -  1  ♦  (1.25)'^^  -1  X 

^  LE^=-1 


1.0183 


and 


BTO 


q  -  1.0183  X  338  -  3li3 


ft‘-sec 

The  correction  due  to  Lewis  number  not  equal  to  unity  is  seen,  in  this  case,  to 
be  less  than  2  percent. 

Referring  back  to  Equation  (6,1)  for  compai*isoii  with  measured  rate  of  heat 
transfer,  and  assuming  the  calorimeter  to  be  of  pure  copper  for  which 


T),C 


specific  heat  of  copper  •  ,106  SSL 


Ibm®R 


■  density  of  copoer  ■  51i0  1^ 
'  ft3 
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there  is  obtained 


q  -  ■R60^Te  BfU 

ft^sec 

(  ^  '^c  in  °R  ),  ••rfiere  it  was  assumed  that  the  height  of  the  cylindrically- 
^t  sec 

sJiaped  calorimeter  is  U  =  .015  ft  (.180  inches). 

The  anticipated  rate  of  temnerature  rise  in  the  copper  calorimeter  is,  there¬ 
fore,  for  the  above  case, 

^  Tq  _  3k2  .  1^00  fR. 

^  t  #860  sec 

Assuming  this  rate  to  be  'iiore  or  less  constant  until  the  calorimeter  reaches 

approximately  1700^  (the  melting  point  of  copper  is  then,  since  the 

initial  temperature  of  the  calorimeter  prior  to  shutting  off  the  cooling  gas  was 

assumed  to  be  700^,  the  allowable  running  time  is,  approximately, 

A  t  »  1700-700  ,  2.5  seconds. 

^Hoo 


6,3,5  Total  Enthalpy  of  a  Perfect  Gas  in  Isentropic  Flow 
If  the  plasma  jet  could  be  regarded  as  a  thermally  and  calorically  perfect 
gas  flo^/ing  isentronically  through  the  converging-diverging  nozzle,  the  following 
simple  analysis  could  be  employed  to  find  its  total  enthalpy:  the  mass  flow  rate 
is  given  by 

where  superscript  (*)  refers  to  conditions  at  the  throat.  Now 

~  a*  - 

(frt)  ^ 

and 

“  ^total  ^ 

lAere  subscrint  (total)  refers  to  stagnation  condition.  Substituting  above,  there 
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is  obtained,  with  the  aid  of  the  equation  of  state  P ■  P  RT  , 

/^Y 


Hence 


'VHJ  .  p* 


'YK 

^  ' total 


'RT^^  -  P 


total  ^ 


'\/ 


Y(  y^i ) 

2  RTtotal 


or 


A*  P. 


total 


Y+1  J 

(_2 _ )  TTr-i)  ,  t- 


Y 


total 


Thus,  by  measuring  the  pressure  in  the  olenum  chamber  and  the  total  mass  flow 
rate  through  the  nozzle  (both  of  these  quantities  can  be  measured  rather  accurate¬ 
ly),  stagnation  temperature  can  be  computed  as  sho^^  above  and  the  sta.gnation 

enthaloy  evaluated  from  the  relation  h.  .  -i  *  T.  ^  ^ ,  Numerical  values  thus 

total  o  total 

obtained  can  merely  serve  as  approximations  and  as  a  tjuide  to  the  results  obtained 
by  the  probe  described  in  Sections  6,3.3  and  6.3.ii.  This  is  so  because  of  the 
stringent  conditions  imposed  in  the  above  analysis  and  also  because  of  the  un¬ 
certainty  in  the  proper  choice  of  numerical  values  f or  Y  and  C^, 


6.U  Pressure  'leasurements 

In  the  runs,  carried  out  to  date,  pressure  measurements  were  taken  at  the 
following  four  locations: 

1)  In  the  plenum  chamber  (P.  .  .) 

total 

2)  At  the  entrance  to  the  test  section  (Pip  g  ) 

3)  At  the  exit  from  the  test  section  (Pip  g  exLt^ 

li)  In  the  large  vacuum  tank  Tank^* 

i^^ith  these  pressure  measurements,  it  was  tx)ssible  to 

a)  Ascertain  that  M  l,fJ3  was  established  at  the  entrance  to  the  test 
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section  (from  S  entr  ^  to  collection  of  data; 

b)  that  no  shocks  occurred  in  the  test  section  (from  P<p  g  entr 
^T.S.  exit^» 

c)  evaluate  the  maximum  available  running  time  from  the  driving  pressure- 

gradient  noint  of  view  (from  and  Tank^* 

It  might  be  added  here  that  structural  failure  of  the  uncooled  test 
section,  rather  than  limitations  in  the  vacuum  tank  caoacity  is  what 
has  governed  the  maximum  available  running  time  to  date, 

6,5  Power  Monitoring  'latrix 

6,5*1  General  Discussion 

The  newer  monitoring  matrix  was  designed  to  allow  the  measurement  of  a  small 
extracted  oower  in  the  nresence  of  a  much  larger  excitation  power.  In  order  to 
accomplish  this,  a  technique  was  evolved  to  permit  the  nulling  of  voltage  compo¬ 
nents  due  to  incident  power,  and  thus  permit  a  hi^  recording  sensitivity, 

6,5,2  Theoretical  Considerations 

In  an  equipment  of  this  type  extracted  nower  may  be  measured  at  the  coil 
terminals  by  the  method  explained  below.  Let  the  generator  impedance  oer  phase 
in  the  quiescent  state, 

h  -  i  H  (6.7) 

NOTE;  Standard  engineering  sign  and  symbol  conventions  are  used  here. 

An  additional  component  occurs  v:hen  a  moving  fluid  (the  plasma)  is  added 

Zg-BgMXg  ^6.?.) 

where  the  sign  of  Rg  is  negative  for  negative  slip  (a  generator). 

In  the  case  at  hand  no  net  nox^er  is  produced,  and  in  fact 

\  >  Rg  (6.9) 
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Hence,  an  excitation  device  producing  net  power  is  necessary,  such  that 

♦  Zg)  -  ap  (6.10) 

where  •  0 

V/e  wish  to  measure  the  power  extracted  from  the  olasma 

***  ^  (S.U) 

in  the  presence  of  driving  power 

Pd  -  J  h  (6.12) 

where  Re  (Pg)  <  Re  (Pq) 

Referring  to  Fi,7ure  29  consider  the  total  terminal  voltage  (e.g.  ohase  1  to 
ground  in  a  three-nhase  star) 

^  >1 ^^1-2  ‘^2,1  '^,1-7  (6.13) 

*^Pi 

the  complex  cower  extracted  in  this  chase  may  be  determined  simply  since 

'V 

the  problem  now  becomes  one  of  eliminating  the  \indesirable  terms  from  Eip. 

\  'V) 

the  term  may  be  synthesized  simply  by  introducing  appropriately  phase-shifted  and 
amplified  voltage  components  derived  from  the  various  phase  currents.  It  might 
likewise,  be  supposed  that  a  synthetic  term  -  Rl^^  could  be  introduced;  how¬ 
ever,  in  the  practical  case  R^^  does  not  remain  constant  and  large  errors  would 

result  by  assuming  that  it  does. 

A  technique  to  avoid  this  limitation  has  been  utilized  in  the  final  device. 
Here  a  tcrtiair  winding  wound  directly  on  the  priman’’  coils  of  each  phase  with  a 
1:1  relationship  is  connected  to  an  infinite  impedance  detector.  Since  &  TK>tcn- 
tial  only  is  detected  in  this  winding,  the  terminal  voltage  is  given  by 

ETi  •  E?!  -  (6.15) 
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and  by  the  addition  of  the  aynthecLsed  -  J  ii>  e^,  only  e^  *  j  e^  remain. 

A  phaaor  diagram  of  the  monitoring  system  in  shown  in  Figure  2S*.  Note  that 
an  axbltrary  direction  and  magnitude  is  given  for  the  extracted  voltage  oooponentf 
which  is  not  necessarily  that  actually  obtained. 

6.^.3  Construction 

The  voltage  conqponents  proportional  to  phase  cisrrentf  >  j«oI  L  or  -  jcml.M 

L  li 

were  dezdved  from  current  tranaformers  of  IDOil  ratio  with  1«CX)  ohm  resistors 
across  the  output  terminals j  thus  measuring  the  current  of  each  phase*  This  volt¬ 
age  cQIl^>onent  was  then  given  a  90  degree  lagging  phase  shift  and  a  gain  adjustment 
to  provide  a  multlpUcable  factor  proportional  toouL  or  ooM  when  the  nulling 
procedure  was  performed*  The  voltage  oonponent  £.p^  developed  across  the  tezdlary 

winding  was  placed  across  a  cathode  follower  with  a  high  Input  ispedanoe  (approx- 

.3 

imately  10  megohms}*  An  output  voltage  exactly  ID  times  the  Ixpub  was  obtained 
through  a  preset  gain  control*  This  allowed  a  convenient  reference  for  quantita¬ 
tive  measurements  of  null  displacements  due  to  extracted  voltage  conponents  which 

-3 

would  then  be  10  times  the  actual  voltage* 


6*5*4  Adjustment 

The  adjustment  procedure  consists  of  energizing  one  jhaae  winding  at  a  time 
and  adjusting  the  phasing  and  gain  controls  for  that  phase  until  an  output  null  is 
obtained*  This  procedure  Is  r^eated  as  the  second  and  third  phase  winding  are 
energized  In  turns* 

6*6  Field  Strength  Measureaaents 

Figure  30  Is  a  graph  of  measured  magnetic  field  strength  In  gauss  along  the 
ooli/test  section  as  a  function  of  distance  along  the  major  axle*  The  magnetic 
prbbe  used  for  these  measurements  was  a  10  tium  coll  0*5  inch  diameter  oriented 
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such  that  its  axis  was  normal  to  the  plane  of  the  coil#  Using  the  expression 


B  ■■  e  (  V  2  X  ID^  )  gauss 

'  n  63  1 

Field  strength  normal  to  the  axis  as  a  function  of  probe  voltage  was  calculated 
2 

at  5#0U  X  10  gauss/volts  HMS  at  a  frequency  of  3066  cps*  Considering  that  a 
traveling  field  is  obtained,  a  forward  traveling  field  strength  of  157  gauss 
(typical)  at  the  center  of  the  channel  is  calculated#  It  ^ould  be  noted  that 
the  three-phase  currents  are  not  equal,  being  157  amps,  85  amps,  and  150  axnps  for 
phases  I,  II  and  III  respectivel7#  This  is  the  principal  cause  of  the  space 
variations  in  field  strength#  Note  also  that  the  method  of  measurement  does  not 
measure  the  field  components  parallel  to  the  axis#  These  are  not  negligible  since 
the  distance  between  top  and  bottom  coil  sections  is  iK>t  small  compared  to  a  one- 
half  space  wavelength#  Becaiise  of  this  and  departures  from  non-ideal  coxKiitions, 
the  deviation  from  the  calculated  field  strength  of  2 #36  gauss/ampere  BMS  (sea 
Appendix  I)  results# 

The  direotion  of  the  forward  magnetic  field  cannot  be  obtained  from  the  field 
strength  plot#  A  linear  fona  of  a  drag  cup  was  made  from  a  small  piece  of  folded 
aluminum  foil  which  was  placed  between  the  excited  coils  and  the  direction  of 
movemenb  noted# 
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?•  EXPERIMByrAL  RESULTS 


?•!  Inti^uction 

A  total  of  15  test  runs  were  coB9)leted  during  the  experimental  program* 
The  initial  four  tests  did  not  include  conplete  instrumentation  but  were  use* 
ful  in  obtaining  information  relative  to  the  overall  perfoimance  of  the  plasma 
arc  torch  and  complete  system*  The  next  six  runs  were  conducted  on  the  basis 
of  an  anticipated  power  flow  in  excess  of  100  watts^  assuming  a  field  strength 
of  1000  to  1200  gauss  and  a  reasonable  conductivity  of  100  mhos  per  meter* 
While  electrical  measurements  could  not  be  achieved  during  these  nms^  an 
extracted  power  of  660  watts  was  inferred  from  the  aerodynamic  measurements 
using  the  assumed  values  of  field  strength  and  conductivity*  Since  it  was 
known  that  the  electrical  measuring  system  would  readily  detect  this  level 
of  power  flow^  the  field  strength  and  conductivity  values  were  very  suspect* 
When  the  field  strength  measurement  was  repeated^  the  coirect  value  of  ISO 
gauss  was  obtained*  It  then  became  obvious  that  further  consideration  would 
be  required  of  the  electrical  instrumentation  system*  At  the  new  level  of 
expected  power,  noise  from  many  parts  of  the  system  was  found  to  interfere 
with  the  measurements  of  power  flow  between  the  plasma  and  the  travelling 
field  system*  Corrective  measures  were  taken  to  overcome  this  difficulty 
and  are  outlined  briefly  in  the  next  section*  After  completion  of  these 
changes  to  the  system,  five  additional  test  runs  were  perfozmed*  The  first 
two  of  these  tests  were  made  using  single  phase  operation,  and  the  latter 
three  were  performed  with  normal  three  phase  excitation* 

7*2  Modification  of  Electrical  Instrumentation 

Electrical  measurement  techniques  as  originally  developed  have  been 
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described  in  section  6«2»1#  Due  to  the  necessity  for  measuring  a  lower  power 
level  than  originally  ejqpected,  several  changes  were  made  in  the  instrumenta¬ 
tion#  One  technique  considered  used  the  correlation  resulting  from  the 
utilization  of  an  XI  scope,  with  a  3000  cycle  sine  wave  applied  to  one  input 
and  the  output  from  the  phase  nulling  circuit  to  the  other  ir?>ut#  With 
proper  calibration,  this  technique  should  enable  the  measurement  of  magnitude 
and  phase  of  the  generated  voltage#  This  approach  was  found  to  be  not 
sufficiently  sensitive  for  the  necessary  tests  due  to  low  frequency  modula¬ 
tion  ^diich  caused  some  distortion  of  the  wave  form# 

Considerable  effort  was  then  expended  to  determine  all  sources  of  noise 
in  the  system  and  take  corrective  measures  to  eliminate  them#  Over  the 
course  of  experimentation,  four  primary  sources  of  iK)ise  were  detected: 

1)  Airplitude  modulation  of  the  high  frequency  alternator  outputs,  2)  Phase 
modulation  of  the  alternator  outputs,  3)  Induced  voltages  in  connecting 
leads  between  ciirrent  transformer  and  metering  equipment  due  to  mechanical 
vibration  in  the  vicinity  of  the  field  coils,  and  U)  A)ti?)lifier  noise#  It 
was  established  that  the  modulation  effects  were  of  the  order  of  1%  and 
that  they  were  inherent  in  the  design  and  construction  of  the  alternators# 

The  field  behavior  was  checked  by  using  batteries  in  place  of  rectifier 
power  siQ)plies,  but  no  desirable  change  occurred  in.  the  alternator  output 
when  this  substitution  was  made#  No  reduction  of  the  first  two  noise  effhcta 
was  therefore  able  to  be  accoiqplished#  It  was,  however,  possible  to  over¬ 
come  the  noise  from  the  remaining  two  sources  quite  effectively#  This  re¬ 
sulted  in  a  noticeable  increase  in  sensitivity,  although  the  XI  scope 
technique  was  still  not  satisfactoxy  due  to  the  low  frequency  modulation 
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ooi^Mnenta  In  the  output  of  the  alternators*  Therefore^  the  following 
changes  were  made  to  enable  a  measurement  of  power  outputs 

a)  The  voltage  signal  used  in  the  phase  nulling  circuit  which  was  a 
function  of  the  circulating  current  was  increased  appreciably* 

This  enabled  the  utilization  of  the  full  voltage  output  from  the 
tertiazy  winding  and  avoided  operating  at  a  low  signal  level  where 
noise  was  more  serious* 

b)  A  wattmeter  measxirement  was  employed  utilizing  the  null  voltage 
and  the  cuxrent  output  from  an  additional  current  transformer* 
Calibration  of  this  meter  was  made  by  various  levels  of  absorbed 
power  in  the  test  channel* 

c)  Phase  shift  detection  of  the  generated  voltage  signal  was  read  on 
a  phasemeter*  In  order  to  minimize  noise  interference  from  this 
reading^  an  integrated  voltage  output  from  the  meter  was  also 
measured* 

When  these  above  changes  were  made  in  the  instrumentation  circuitry^  the 
data  obtained  from  a  typical  test  run  consisted  of  the  following  measure¬ 
ments: 

(1)  Power  reading  on  wattmeter* 

(2)  Change  in  magnitude  of  null  voltage* 

(3)  Phase  shift  of  null  voltage* 

(U)  Integrated  voltage  output  for  the  phase  shift* 

Five  test  runs  were  then  perfomed  with  this  instrumentation  system*  In 
the  three  phase  runs^  the  system  was  connected  into  Phase  II* 
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The  circuit  diagram  for  the  final  instrumentation  system  is  shown  in 
Figure  31*  The  vector  diagrams  for  the  voltages  and  currents  of  interest  are 
shown  in  Figure  32*  The  magnitudes  of  these  vectors  are  not  scaled^  but  are  used 
to  indicate  the  proper  direction  of  power  flow  which  was  obtained  by  inserting 
absorbing  load  into  the  test  channel  and  by  operating  the  plasma  arc  torch  with 
a  slip  of  -3  with  respect  to  the  phase  velocity  of  the  travelling  magnetic  field. 
Records  were  obtained  for  the  data  during  the  test  runs  by  two  16  mm  movie 
cameras.  One  camera  recorded  all  electrical  measurements  and  the  other  covered 
the  pressure  readings  used  for  the  aerodynamic  measurements. 

7.3  Electrical  Results 

The  electrical  measurements  obtained  on  film  are  plotted  as  a  function  of 
time  in  Figures  33  and  3ii  for  two  of  the  test  runs*  This  includes  the  power  from 
the  test  generator^  phase  angle  between  and  1^,  and  the  magnitude  of  null 
voltage  I  (^),  Also  plotted  is  the  power  into  the  plasma  arc  torch  during  the  run. 

The  readings  for  power  output  indicate  the  level  of  power  which  was  extracted 
by  the  interaction  of  the  magnetic  field  and  the  plasma.  From  the  vector  dia¬ 
grams  shown  in  Figure  32,  one  can  obtain  the  explanation  for  the  power  diange  for 
generated  power  and  absorbed  power  cases*  From  the  diagram,  a  change  In  phase 
and  amplitude  of  is  indicated*  This  change  shows  a  generated  voltage  in  the 
tertiary  winding  and  iidien  it  is  transposed  as  a  change  in  the  primary  circuit 
and  Iq),  the  direction  indicates  the  change  in  power  supplied  to  the  circuit. 
For  the  absorbed  power  case,  additional  power  is  indicated  and  for  the  generated 
case,  a  reduction  in  power  supplied  is  indicated. 
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VECTOf\  DIAGRAM- WSERTION  OF  LOAD 


VECTOR  DIAGRAM-  OPERATION  OF  PLASMA  TORCH 


Figure  32.  Vector  Diagrams  -  Voltage  and  Current 
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TORCH  ON  FULL  POWER  SEEDER  ON  (NO  SEED) 

TIME -SECONDS 


Figure  33.  Electrical  Measurements  From  Motion  Picture  Film 

Data  -  Run  #13 
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POWER  IN  TORCH 
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ARC  ON  FULL  POWER  SEEDER  ON  SEEDER  OFF 

T I  ME-- SECONDS 

Figure  34,  Electrical  Measurements  From  Motion  Picture  Film  Data  -  Run  #15 


The  magnitude  of  power  generated  by  the  plasma  is  indicated  to  be  between  7 
and  10  watts*  This  value  corresponds  closely  to  the  calibration  of  the  wattmeter 
performed  by  the  insertion  of  load  into  the  channel.  The  value  also  correlates 
closely  with  the  power  which  is  expected  by  theoretical  considerations  employing 
Equation  D# 31)  of  Part  I  (Theoretical  Analysis),  \Vhen  the  magnetic  field  strength 
of  160  gauss  is  used  in  calculations  for  generated  power,  a  conductivity  would  be 
required  in  the  order  of  30  mhos  per  meter.  This  figure  appears  to  be  sli^tly 
high  when  considering  the  evidence  obtained  during  the  tests  which  indicated 
practically  no  effect  from  the  seeder.  However,  the  results  obtained  from  these 
tests  have  been  quite  repeatable  and  should  be  considered  as  a  reliable  check  on 
the  theoretical  calculations. 

Ttie  e^eriiTiental  results  obtained  in  later  test  runs  were  reduced  from  the 
instrumentation  filmed  during  operation.  Two  typical  sequences  are  shown  by  the 
photogTflphs  in  Figure 
7.U  Aerodynamic  Results 

Pressure  measurements  for  runs  No.  13  and  ll;  are  shown  in  Figures  36  and  37 
respectively.  For  run  No.  13,  the  ratio  of  static  pressure  at  the  test  section 
entrance  to  total  (or  plenum)  pressure  decreased  from  0,23  to  0,lli  during  the 
time  for  which  pressure  data  were  recorded.  For  isentropic  flow  of  air  (con¬ 
sidered  as  an  ideal  gas)  this  would  correspond  to  an  average  Mach  number  of  1,76, 

Real  gas  effects  have  little  influence,  in  the  present  case,  in  altering 
^%,S,  entrance)  compressibility  factor  is  only  slightly  greater  than 

unityi  this  was  also  pointed  out  in  Section  3.2,3.  As  is  suggested  by  Figure  13, 
heat  losses  to  the  nozzle  walls  would  tend  to  reduce  the  velocity  at  the  exit  of 
the  nozzle;  but  then,  the  velocity  of  sound  will  also  decrease,  thus  suggesting 
that  the  Mach  number  at  the  exit  of  the  nozzle  (or  the  entrance  to  the  test 
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Figure  35.  Typical  16inm  Motion  Picture  -  Recorded  Test  Data  93 
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Figure  36.  Aerodhjmamic  Measurements  From  Motion  Pictiire  Film  Data  -  Run  #13 
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Figure  37.  Aerodynamic  Measurements  from  Motion  Picture  Film  Data  -  Run  #14 


section)  is  not  veiy  sensitive  to  heat  losses.  Itaus,  although  a  preoise  value 
for  (Kp  g  entrance^  cannot  be  deduced  from  the  data  shown  in  Figure  36,  it  is 
felt  quite  certain  that  the  supersonic  flow  irtiioh  was  established  during  the  rur 
had  a  Kaeh  ntanber  at  the  exit  of  the  nozzle  which  was  not  too  far  off  the  desigo 
value  of  1.^3. 

Static-pressure  ratio  across  a  nonaal  shock  at  M  *■  1.33  Is  (Refennce  U) 
F2/P1  ■  2.56U.  Had  a  normal  shook  existed  anywhere  in  the  test  section,  the 
pressure  at  the  exit  of  the  test  section  would  have  been  2.56U  x  .2  atm.,  or 
iq>proxl]nately  half  an  atmosphere.  Since  the  measured  pressure  at  the  exit  of 
the  test  section  is  much  less  than  that  value  (see  Figure  36)  it  is  concluded 
that  the  test  section  was  shock-free,  at  least  during  the  interval  shown  in  that 
figure. 

The  fact  that  the  static  pressure  at  the  exit  of  the  test  section  was  highei 
than  at  the  entrance  during  pazi;  of  the  runs  (see  Figures  36  and  37)  indicates 
that  part  of  the  kinetic  energy  of  the  plasma  was  converted  to  increase  static 
pressure  along  the  test  section.  Hence,  in  order  to  maintain  constant  velocity 
flow  in  the  test  section,  as  is  desired  (on  theoretical  grounds)  in  the  present 
case,  it  will  be  necessary  to  increase  the  ratio  of  exlt-to-entrance  cross- 
sectional  cu^a  of  future  test  sections  beyond  the  value  of  1.3  previously  chosen 
(see  Section  3.3). 

An  estimate  of  the  total  enthalpy  of  the  plasma  for  a  typical  run  (at  which 
time  a  steady  state  was  reached)  can  be  obtained  from  an  overall  energy  balance 
■easurcBwnt  as  follows: 

Measured  power  input  to  arc: 

660  volts  X  i960  amp  ■  1.33  M 
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Heat  abaorbed  by  cooling  water; 

circulating  water  mass  flow  rate  ~  U5  ^^/see 
teoooperatui'e  diffeirenoe  between  outlet  and  inlet  ■■  15 
heat  absorbed  by  water  U5  *  l5.lt  ■  69U  x 

-  730  KW  -  .73  nW 

Stagnation  enthalpy 

measTjred  mass  flow  of  air  ■  .225 

enthalpy  added  to  flow  ■  (^*33  -  .73)niW 

225  Ibm/seo 

-  2525  BTa/lb„ 

Lieiivurf,  s'c^gnation  enthalpy  ■  2525  125  ■  2650  (compare  with  the  design 

Talue  of  2925  '^^‘^'/iba*  «®e  Table  II). 

liycTit  the  above  data,  the  overall  effloisnoy  of  the  arc  as  a  converter  of 
electrical  power  input  to  heat  energy  added  to  the  flow  of  air  is 

arc  efficiency  ■  55*”  * 


(9U8 


BTU 

1^ 


)  (1^) 

sec  ' 


(1  nW) 
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8  .  CONCLUDINQ  REMMIKS 


The  following  obserratlona  may  be  made  based  on  the  experimental  program 
described  in  thia  report t 

a)  A  measurement  of  extracted  power  has  been  made  from  the  teat  generator 
irtiloh  agrees  quite  well  with  the  predicted  values  from  a  theoretical 
investigation. 

b)  An  improved  seeding  technique  is  necessary  to  increase  the  conductivity 
to  an  expected  magnitude  of  1(X)  mhos  per  meter. 

c)  The  magnetic  field  strength  for  the  generator  was  considerably  lower 
than  desired  due  to  excessive  loss  in  core  material. 

d)  The  results  of  this  program  are  veiy  encouraging  when  considering  the 
region  of  operation.  The  feasibility  of  AC  power  extraction  has  been 
indicated  from  the  interaction  of  a  flowing  plasma  in  a  travelling 
magnetic  field.  It  should  be  definitely  possible  to  obtain  useful 
electrical  power  by  an  increase  in  scaling  of  a  generator  which  would 
give  much  higher  values  for  the  laqportant  parameters  such  as  magnetic 
field  and  conduotivlty. 

9.  RECCTmENDATIONS 

The  following  reocnmendatlons  are  presented  for  continuation  of  an  experi¬ 
mental  and  analytical  program: 

a)  Ccn't’-lni'.sd  experimental  investigation  is  required  to  fully  explore  the 
inter-related  parameters  which  affect  operation. 

b)  Efforts  are  necessary  to  increase  magnetic  field  strength  and  laq)rove 
seeding  techniques  during  future  sjqperimsntal  tests. 
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o)  Further  experimental  work  la  Indloated,  to  more  fully  define  a 

number  of  investigative  areas  such  as  heat  protection  of  the  genera¬ 
tor  walls  by  transpiration  cooling  techniques  ^  the  use  of  shading 
magnetic  fields  to  decrease  fringing  losses,  heat  transfer  to  the 
walls  and  viscous  effects  in  the  gas,  and  other  related  considera¬ 
tions  described  in  Part  I  of  this  report. 

d)  in  experimental  program  ^ouM  be  undertaken  irtilch  would  Investigate 
the  feasibility  of  siqMrconduotlvlty  to  power  extraction  coll  system. 
Such  a  program  would  enplqy  the  existing  model  facility. 

e)  Consideration  should  be  given  to  the  investigation  of  non-equilibrium 
techniques  to  increase  the  conductivity  of  the  plasma. 

f)  Consideration  should  be  given  to  the  substitution  of  liquid  metal 
in  place  of  a  gaseous  plasma  as  the  moving  conductive  material. 

This  could  result  in  an  increase  in  conductivity  by  orders  of 
aagnltude,  but  the  velocity  would  of  course  be  decreased  eonslde]> 
ably. 
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APPENDIX  I 


Calculations  of  theoretical  coll  field  strength  per  anqpere  of  excitation  current: 
nie  following  assumptions  are  made: 

1.  The  permeability  of  the  ferromagnetic  substrate  Is 
infinite. 

2.  All  flux  passes  in  lines  normal  to  the  substrate  from 
pole  to  pole  (l.e.  no  leakage  flux). 

From  elementary  considerations 

L  >  ^  (henrys,  webers,  amperes) 

for  an  air  gap  of  length 

B 

and  for  a  pole  of  area  A 

I  .  ba  -  ^ 

which  gives 

Y  ■  UiT  j-  X  lO"''  gauss/anqwre 
for  the  coil  luider  consideration 

i  -  2,5"  -  0.0636 
»1  -  6 

y  *1.18  gauss/ampere/phase 

■  (l.l6)(l.Uii}  ■  1.35  peak  gauss/ampere  rms/phase 

■  (1.35)  (1.73)  ■  2.36  peak  gauss/an^re  ms 
in  a  three-phase  balanced  system. 
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8IMB0IS 


A  Area 

a  Velocity  of  souxid* 

Forward  traveling  magnetic  wave 
Magnetic  field  of  peak 
B|4^n  Magnetic  field  of  minimum 

Bp  Reverse  traveling  magnetic  wave 

C  Defined  by  Equation  (3*9) 

Ci  Mass  fraction  of  specie  (1) 

Cp  Specific  heat 

e  Voltage 

Ep  CoD^lex  voltage  component  due  to  plasma  motion  and  conductlvllT'. 

Complex  texvLnal  voltage  of  excitation  coil  per  phase 
Epi  Conplex  terminal  voltage  of  current-free  coll  per  {diase 
f  Frequency  (sec”^) 

g  Gravitational  acceleration 

h  Entbe^py;  also  heat  transfer  coefficient 


bp 

3 

k 

L 

M 


Defined  by  Equation  (6«ii} 


Heat  of  foxmatlon  of  atoms  of  specie  (l) 
Conversion  factor  J  ■  778  ft-lb  i  also 

“BTW - 

Diffuslvlty  of  solid  material  Equation 

Inductance 

Lewis  nuiijer 

Madi  moiber 


(3.20) 
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M^jMutual  Inductance  from  phase  A  to  phase 
*1%  Mass  now  rate 
'll  Hunber  of  turns 
P  Pressure,  -also  power 


RT 

R 


(R. 

% 

R. 


Frandtl  mober 
Heat  tratisfer  rate 

Radius  of  curvature  of  stagnation  point} 
also  universal  gas  constant 
Radius  of  cylindzlealljr  shaped  calorimeter 
Real  part  of 

Resistance  due  to  plasma  motion  and  conductivity  per  phase 
Resistance  of  load  per  phase 


9  Distance  along  a  generator  of  an  axi-synmetric  boc^* 

S  Sutherland's  constant  S  •  196»6**Rj  also  entropyj  also  standing 
wave  ratio* 

*T  Temperature 
t.  Time 


■It  Velocity 

X  Distanoe  along  centerline 

Reactance  due  to  plasma  notion  and  conductivity  per  phase 
X^Bsaotanoe  of  load  per  phase 


lOU 


ve«  ri  Si  ^  \  \ 


Z  C(»npressiblllt7  factor* 

Z^Conplex  ijpqiedance  of  load  per  phase 
Z^Con^^lex  ii^danoe  due  to  plaena  notion  and  condiictiTlty 
per  phase 

IT  Ratio  of  Efpecif ic  heats 
^  Boundary  layer  thickness 
^Boundary  layer  dlsplacenent  thickness 
'€  See  equation  (3*20) 

&  Inclination  of  velocity  vector  to  x«*axiB 
A  Thermal  conductivity 
Viscosity  (Section  6*3) 

Hach  angle  (Section  3*2) 

Prandtl  Meyer  angle; 
also  kinematic  viscosity 
Density 

Length  of  cylindxlcally  shaped  calorijneter 
Defined  in  cozuiection  with  Equation  (6*3) 

^  Defined  by  Equations  (3*6)  and  (3*7)  I  also  nagnetlo  field 
8trength«^ausB 

CO  Zirf  (angular  velocity,  rad-seo**^) 
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%I 

A  E 

V 

A  e‘ 

AEo 


Ciroulating  currant  in  primary  fiald  coll* 

Currant  ocnqpanent  darlrad  from  C.T.  to  drlva  wattnatar  currant  coll* 
Voltaga  consonant  darlrad  from  C.T.  to  drlra  pfaasamatar. 

Voltaga  across  primary  fiald  coll. 

^Bpllflar  output  obtalnad  from  nulling  circuit. 

Changa  in  Ej^  dua  to  plasma  or  load. 

New  value  of  dua  to  plasma  or  load. 

A  E  rotated  by  amplifier  phase  shift. 

Effective  changa  in  primary  fiald  coil  voltage  due  to  plasma  or  load. 


NOTEi  All  STsbols  above  are  in  reference  to  Figure  32. 


Subscripts 


C  Pertaining  to  calorimeter  material 
®  Pertaining  to  conditions  at  the  outer  edge  of  the 
boundary  layer. 

ex\t.  Pertaining  to  conditions  at  the  exit  of  the  nozzle. 

S  Evaluated  at  the  stagnation  point. 

(t)or  (total)  Pertaining  to  the  stagnation  value. 

>ur  Pertaining  to  conditions  at  the  wall. 

1  Upstream  of  normal  shock. 

2»  Downstream  of  normal  shock. 

M  Pertaining  to  free-stream  conditions^  ahead  of  detached 
shock. 

Superscripts 

^  Pertaining  to  conditions  at  the  throat. 
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TABLE  I:  CCXDRDINATES  OF  SUPERSONIC 
PART  OF  NOZZLE  (INCHES) 


X 

±Y 

1*  800 

1.  205 

1.  900 

1.215 

2. 000 

1.  225 

2. 100 

1.  234 

2.  200 

1.  242 

2.300 

1.  250 

2.  400 

1.  258 

2.  500 

1.  264 

2.  600 

1.  271 

2.  700 

1.  277 

2.  800 

1.  282 

2*  900 

1.  287 

3. 000 

1.  291 

3. 100 

1.  295 

3. 200  I 

1.  299 

3.  300 

1.  302 

3.  400 

1.  305 

3.  418 

1.  306 

X 

±Y 

0. 000 

1.010  ' 

0. 100 

1.013 

0.  200 

1.019 

0*  300 

1.026 

0.  400 

1.035 

0.  500 

1.045 

0.  600 

1.  056 

0.  700 

1.  068 

0.  800 

1.080 

0*  900 

1.  093 

1.  000 

1. 106 

1. 100 

1. 119 

1.  200 

1. 133 

1.  300 

1. 146 

1.  400 

1. 158 

1.  500 

1. 171 

1.  600 

1. 182 

1.  700 

1. 194 

Notes:  (i)  Nozzle  throat  is  at  X  =  0. 

(ii)  Nozzle  exit  is  at  X  =  3. 418* 
(Hi)  Y  =  distance  from  ^  to  walL 
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